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ABSTRACT

Author: Datta, Anurup. PhD
Institution: Purdue University
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Title: Producing Nanoscale Laser Spot and its Applications.
Major Professor: Xianfan Xu
Driven by the exponential growth in the field of nanotechnology in the last few decades,
there has been a huge impetus in the design and production of subwavelength nanoscale laser spot
which has found wide range of applications in different fields such as nanofabrication and data
storage, among others. Limited by the diffraction limit of light when using conventional optics,
generally metallic nano-apertures and nano-antennas are used for producing sub-100 nm spots.
Design of such types of nano structures typically involves the use of surface plasmons to
effectively collect and concentrate light below the diffraction limit.
This work discusses the design and performance of several types of nanostructures to
produce a nanoscale hotspot and their applications in different fields are also studied both
experimentally and numerically. First we discuss the bowtie aperture and its light focusing
performance and enhancement in the near field. Experiments were conducted to validate its
application in near field optical lithography. Using a massive array of bowtie apertures, we have
performed scanning optical lithography experiments with high precision gap control mechanism
with the help of an Interferometric Spatial Phase Imaging (ISPI) system. We successfully
demonstrated simultaneous writing of more than one thousand patterns with resolution less than
50 nm.
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Further, a novel type of cross sectional ridge waveguide nanoscale aperture is introduced
and designed. Rather than using a sequential fabrication technique, layer-by layer fabrication
method is used to make these nanostructures which ensures a very fine feature capable of
producing a very tiny hot spot. We illustrated the performance of these apertures by scattering near
field scanning optical microscope (s-NSOM) which show good near field localization
characteristics.
Next, we look at another emerging application of these nanoscale hotspots, in the field of
data storage, where heat assisted magnetic recording (HAMR) is widely thought to be one of the
next generation technologies to achieve high density data storage. We studied the optical
performance of several types of apertures and antenna, also called near field transducers (NFT) in
the HAMR terminology, including the bowtie aperture, E antenna, triangular antenna, C-aperture
and the lollipop antenna in the presence of the recording medium. Subsequent thermal performance
of the recording medium and the NFTs are calculated and several thermal figures of merit are
established. Some design strategies and simple modifications of the NFTs are discussed which aim
at improving the performance of the NFT like introducing a taper in its geometry. Also, it was
found that changing the working wavelength of these NFTs from the typical 800 nm to longer
wavelengths can increase the thermal performance of the HAMR system. Other nanostructure
designs capable of generating similar hotspots are explored further such as a split-ring resonator
(SRR) type of nanostructure. In addition to plasmonic resonance peaks, SRR has been shown to
possess LC-circuit type of resonance in the infrared and optical frequency range which can help in
generating hot spots in different wavelength range. These nanostructures are fabricated and
characterized with the help of s-NSOM.

xx
Apart from generating sub wavelength focused spots using nanostructures, it has been
found that arrayed nanostructures can also be used to enhance the force at the nanoscale and one
can achieve a larger electromagnetic force acting on the metallic sample than is possible without
the nanostructure. In the final part of the work, we experimentally verify and measure the enhanced
force on a metallic surface due to presence of resonant slots on the surface. Experiments are
performed to measure the deflection of a thin membrane under the effect of an incident laser both
with and without the slots and results are compared and it is found that depending on the dimension
and geometry of the slots, enhanced pushing force as well as pulling force can be observed.
.
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1. INTRODUCTION

In the field of nanotechnology, light matter interaction at the nanoscale plays a crucial role in many
applications. In order to design and fabricate features at the nanoscale using light, it is of utmost
importance to focus light to a size as small as possible which enables several unusual phenomena
to take place at the nanoscale. Some conventional methods of focusing light are explained first
and then more novel and exotic ways to confine to much smaller length scales are discussed.
Diffraction Limited Focusing of Light – Conventional Optics
Ever since the discovery of a compound microscope by Robert Hooke in the seventeenth century,
people have been intrigued to find ways to focus light into smaller spots for better imaging and
several other applications like nanolithography, high density data storage, optical trapping and
nonlinear optics. It was however, realized that the smallest spot size or resolution that can be
obtained is fundamentally limited by the physical properties of the light and depends on the
wavelength of the light and the numerical aperture (N.A.) of the optical system. The N.A. of an
optical system is given by n sin( ) where n is the refractive index of the medium and  is the
maximum angle of collection of the light.
Due to the wave-like nature of light, any diffraction limited optical system transforms the image
of a point object into a certain minimal size and shape at the image plane which is known as the
point spread function (PSF). Essentially, PSF is the three dimensional image of a point shaped
object and it takes the shape of an Airy disc at the image focal plane, the size of which depends on
the wavelength and the numerical aperture of the optical system. Abbe’s resolution limit is based
on the dimension of the diameter of the central region of the Airy disc and can be mathematically
expressed as follows [1]:
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Abbe _ resolutionxy 


2 N . A.

(1.1)

In contrast, the Rayleigh resolution [2], which also gives a measure of the resolution limit of an
optical system is based on the separation distance of the central portion of one Airy disc and the
first minimum of neighboring Airy disc and is given by the Equation (1.2)

Rayleigh _ resolutionxy 

0.61
N . A.

(1.2)

Sparrow resolution [3] is another measure to quantify the resolution limit and is given by Equation
(1.3) which is governed by the distance between two Airy discs such that there is no dip in the
brightness between the two peaks and there is a constant brightness in the region between the two
peaks.

Sparrow _ resolutionxy 

0.47
N . A.

(1.3)

These resolution criteria also define the minimum dimension into which light can be focused
through a diffraction limited system. It is seen from these several different resolution limits, the
minimum spot size achievable can be written as


kN . A.

, where k varies from 1-2 depending on the

optical system. The spot size can further be reduced to an extent by using radially polarized light
instead of using a linearly polarized beam [4]. Thus conventional optics can only go so far in
minimizing the spot size and in order to go beyond this, several sub wavelength focusing
techniques are employed which are discussed in the subsequent sections.
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Beyond the Diffraction Limit
Several recent techniques have emerged to improve the resolution which aims to beat the
diffraction limit of light and has shown tremendous promise in the areas of nano-imaging, nano
fabrication, non-invasive observation of biological samples and data storage fields. These can
primarily be divided into two categories, near field techniques and far field techniques [5], [6].
The near field techniques of imaging and focusing light rely on the manipulation and control of
the decaying evanescent waves which is only accessible within a range much less than the
wavelength of light. On the other hand, the far field techniques have typically large working
distance much greater than the wavelength of light.
The concept of the near field and the far field components of the light can also be explained by the
scalar diffraction theory [7]. An incident wave,  can be represented as a superposition of infinite
plane waves.

 r  



 A(k ) exp ik  r dk

(1.4)



where, A(k ) is the amplitude of each of the incident waves with k being their wave vector and
r being the position vector of a point ( r  xiˆ  yjˆ  zkˆ ). k can be written as

k  kxiˆ  k y ˆj  kz kˆ

(1.5)

Equation (1.4) can then be expanded and written as

 r  

  

   A(k ) exp i  k x  k
x

  

y

y  k z z  dk x dk y dk z

(1.6)
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The electromagnetic wave propagation is governed by the Helmholtz equation which is given in
Equation (1.7). where k is the wave vector of light.

2  k 2  0

(1.7)

Combining the Helmholtz equation with Equation (1.6), we get the condition that
k 2  kx2  k y 2  kz 2

(1.8)

k z (k x ,k y )= k 2  k x 2  k y 2 for k 2  k x 2  k y 2

(1.9)

k z (k x ,k y )= i k x 2  k y 2  k 2 for k 2  k x 2  k y 2

(1.10)

Or we can write,

And

Equation (1.9) denotes the condition of the propagating modes of a wave and it is seen that the
associated spatial wave vectors in the lateral direction, k x and k y must be less than the wave
vector of light, k . The lateral resolution x or  y is related to the wave vectors k x , k y as

x , y 

2
2
while the wavelength and the wave vector of light are related as  
. Hence, for
kx, y
k

the propagating wave, the lateral resolution x , y is in the same order as  and cannot be
significantly lower than  . On the other hand, Equation (1.10) defines the evanescent mode of the
wave and it is seen that it can support large wave vectors compared to the incident wave vector
and hence the lateral resolution is much lower. However, due to the complex nature of the
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propagation constant of this evanescent mode, it decays very rapidly and hence the high resolution
information contained in the large wave vector components is only limited to the near field.
Among the far-field techniques, two photon excitation/polymerization, Stimulated Emission
Depletion (STED) method and 4-Pi microscopy are some of the innovative techniques to improve
the resolution [8]. In two photon process, typically a femtosecond laser is used which creates a
very high intensity at the focal spot sufficient to induce a higher harmonic conversion at the focal
spot. This conversion happens only in a tiny region surrounding the focal spot enabling to have
improved resolution at the higher harmonic wavelength [9]. In 4-Pi microscopy, the solid angle of
collection of light is improved by the addition of two opposing objective lenses which allows light
to coherently interfere at the focal spot which can effectively reduce the spot size at the focal plane
[10, 11] by up to about 7 times. In STED method the size of the laser spot at the focus is controlled
and reduced by creating a de-excited region in the shape of a ring around the focal spot [12].
Near field scanning optical microscopy (NSOM) is one of the primary methods which utilizes near
field technique to improve the resolution [13]. A NSOM works on the principle of capturing the
evanescent waves emanating from an aperture, tips or surface which contains the higher spatial
wave vector components improving the resolution of the system. Both aperture-less and aperture
based NSOM has been used for sub wavelength focusing of light [13, 14]. In an aperture-based
NSOM, the near field signal from near the surface is collected by a sub wavelength aperture whose
dimension, d is much less than the wavelength. The subwavelength aperture transmits the near
field information into the far field. Another related concept using the near field components of
light to enhance the resolution is through the use of superlens as conceived by Pendry [15]. Super
lenses use a negative refractive media which amplifies the evanescent components of light rather
than attenuating it which gives rise to subwavelength resolution [16, 17]. Feature resolution as low
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as


has been achieved by using superlenses [18]. The concept of super-lens can also be
20

extended into the far field with the introduction of hyperlens and metalenses which uses alternating
layers of metal-dielectric-metal to amplify the near field signal into a far field propagating signal
[19–22]. Super-oscillatory lenses also have been shown to exhibit sub diffraction limit light
resolution capability where a mask pattern is typically used to create a tiny spot at fixed distance
from the mask through the effect of precise interference of the fields from the mask. Even though
it can work in a far field regime, it is usually accompanied with several sidebands [23]. Figure
1.1 shows a schematic showing the comparative subwavelength resolution capability of different
techniques like conventional optics, NSOM, superlens and oscillatory lenses. It can be seen that
while conventional optics can resolve feature size around the wavelength, NSOM, superlenses and
oscillatory lenses can resolve features of size much less than the wavelength. Besides,
subwavelength apertures and holes can be used to generate focused light spot much beyond the
diffraction limit which will be discussed in greater detail in section 1.4.
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Figure 1.1. Schematic representation showing the resolution capability in the far field and near
field for different techniques (a) conventional optics, (b) solid-immersion lenses, (c) STED
method and (d) apertureless NSOM (e) aperture based NSOM and (f) subwavelength aperture.

The manipulation and the control of the evanescent waves in the near field are very closely related
to the excitation and generation of surface waves at the interface of metal and dielectric, also called
as surface plasmons (SP). The next section discusses the underlying mechanism behind the
generation of the SP and ways to utilize them for achieving subwavelength focusing.
Surface-Plasmons
Surface plasmons (SP) are electromagnetic waves formed by the oscillation of free electrons which
are bound to the surface of a metal and dielectric. SP can be bound along the interface of metal
and a dielectric either in two or three dimensions. For SP which are bound along two directions
and can propagate in one direction along the interface are called as propagating surface plasmons
or surface plasmon polaritons (SPP). On the other hand, SP which are bound and confined to the
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surface in all three directions such as in an isolated metallic nanoparticle are called localized
surface plasmons (LSP).
1.3.1 Surface Plasmon Polariton at the Plane Interface
The mathematical description of the propagating SPP originates from the solution of the
electromagnetic wave equation as given in Equation (1.11) at the interface between the metal and
dielectric layer.

 E(r ,  ) 

2
c2

 (r ,  )E(r ,  )  0

(1.11)

With the considerations that for z  0,  (r, )  1 and for z  0,  (r ,  )   2 as explained in Figure
1.2 and for a metallic surface with loss,  2 can be written as  2   2 ' i 2 '' with  2 '  0 . Under
these conditions, it can be shown that only TM waves have a solution to this electromagnetic
problem and SPP can be only generated by TM excitation. The component of the wave vector

kx  kx ' kx '' along the propagation direction can be written as

1 2 ' 
1   2 ' c

(1.12)

1 2 '
1 2 ''

1   2 ' 2 2 '(1   2 ') c

(1.13)

kx ' 

k x '' 

With k x ' being the real part of the wavevector and the k x '' being the imaginary part of the
wavevector. The real part is related to the SPP wavelength, SPP and is given as

SPP 

  '
2
 1 2 
kx '
1 2 '

(1.14)
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where  is the free space wavelength of the propagating field. It can be seen that for  2 '  0 , the
SPP wavelength SPP   which explains the sub diffraction resolution capability of the SPP.
However, due to inherent wave vector mismatch between the freely propagating excitation wave
and the SPP, it is not possible to excite the SPP directly. Rather several techniques are used to
compensate for the momentum mismatch such as introduction of grating like structures on the
surface [24] and Kretschmann and Otto configuration to excite the surface plasmons through a thin
metal film [25, 26].

Figure 1.2. The generation of SPP at the interface of a dielectric and metal.

The decay length of the SPP field along the direction of the propagation is obtained from the
complex part of the SPP wave vector and is given by

LSPP 

1
k x ''

(1.15)

On the other hand, the perpendicular wave vectors in the metallic medium is given as follows:

 
  2    kx 2
c
2

k z ,2

(1.16)
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The wave vector in the dielectric medium is given by:

 
k z ,1  1    k x 2
c
2

(1.17)

From Equation (1.16) and Equation (1.17), it can be inferred that the strength of the SPP field
decays exponentially both in the metal and the dielectric medium in the direction normal to the
interface. Hence in order to exploit the higher wave vector and field confinement arising from the
effect of the SPP, one has to operate very close to the interface or in the near field region.
1.3.2 Localized Surface Plasmons
The localized surface plasmons (LSP) are non-propagating surface waves excited at the interface
of the metal and a dielectric which remains confined in all three directions and unlike the
propagating SPP these can be excited by direct light illumination. We consider a homogeneous
metallic sphere of radius a immersed in a dielectric medium of permittivity 1 and exposed to
external field of E  E0 ẑ as shown in Figure 1.3.

Figure 1.3. Schematic explaining the formation of localized surface plasmon at the interface of
dielectric and a metallic sphere.
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In the quasi-static limit, the electric field in the region surrounding the sphere can be described by
the gradient of the potential field from Equation (1.18) and the potential field  can be obtained
from the solution of the Laplace equation given in Equation (1.19)

E  

(1.18)

2  0

(1.19)

The potential, in inside the spherical particle can be written as in Equation (1.20)

 in  

31
E r cos  
 2  21 0

(1.20)

While the potential outside the spherical particle, out can be expressed as Equation (1.21)

out  E0 r cos   

cos  
 2  1
E0 a 3
 2  21
r2

(1.21)

The LSP resonance condition as seen from Equation (1.20) and Equation (1.21) is achieved when

 2  21 . Taking the gradient of Equation (1.21) to obtain the electric field outside the spherical
particle, it is seen that the electric drops off as 1 / r 3 from the interface of the nanoparticle and the
dielectric medium. The deviation of the particle shape from its ideal and simplistic spherical shape
results in the change in the resonant frequency of the LSP resonance as illustrated in Figure 1.4
which shows the shift in the resonance frequency as the shape of the single silver nanoparticles
change into different shapes. This is immensely useful for designing nano-structures which are
resonant at a particular wavelength.
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Figure 1.4. Scattering spectra of single silver nano particles of different shapes. Reprinted from
[27] with the permission of AIP Publishing.
Nano-Apertures and Nano-Antennas as Light Focusing Elements
Most of the nanoscale devices used for sub wavelength manipulation of light are made of metallic
medium capable of exhibiting plasmonic resonance near the visible and near infrared wavelength
and utilize a combination of SPP and LSP mechanisms for enhancing and focusing the light to a
small volume. The plasmonic devices can either be of nano-antenna type or nano aperture type.
The simplest device consists of circular and rectangular shaped sub wavelength apertures in a
metal film. However, based on Bethe’s theory, the transmission through a circular aperture of
radius r can be expressed as
kr 4
  64
27 2

(1.22)
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where, k 

2

4

r
is the wave vector of light [28]. The   dependence of the transmission implies



that for dimensions much less than the wavelength of the light, very little of the energy would
traverse across the metal film making it a very ineffective nano structure for light focusing. This
conclusion also holds true for subwavelength slits. This can be addressed by fabricating a series
of grooves or gratings around the holes or slits which facilitate the excitation of surface plasmons
by the incident light and directing them towards the center hole for enhanced transmission [29–
32].
Figure 1.5(a) shows a Bull’s eye structure and Figure 1.5(b) shows a nano slit surrounded by
gratings and their optical images in Figure 1.5(c) and (d) respectively show an enhanced
transmission through the subwavelengths apertures. This phenomenon, known as extraordinary
optical transmission (EOT) can also be observed with an array of holes. Hole arrays typically
involve three steps for the enhanced transmission, (i) Coupling of the incident light to the surface
plasmons on the incident surface, (ii) transmission through the holes to the second surface and (iii)
re-emission from the second surface which gives the effect of increased field intensity [33].

14

Figure 1.5. (a) A bull's eye structure consisting of a nano hole surrounded by grooves, (b) a nano
slit surrounded by gratings, (c) and (d) Optical image showing enhanced transmission from
structures (a) and (b) respectively. (From [29] reprinted with permission from AAAS).
Figure 1.6(a) and (b) show the comparison between the transmission performance of a single hole
and a periodic array of holes by plotting the cross sectional |Ex|2 field component for both the cases
respectively. The field localization and confinement is clearly observable near the holes when they
are periodically arranged in Figure 1.6(b).
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Figure 1.6. Cross sectional |Ex|2 field plot showing the transmission of light through (a) single
hole and (b) through a periodic array of holes (taken from [34]). (c) Variation in the resonance
wavelength by changing the periodicity of the holes (Reprinted by permission from
Springer/Nature [33]). (d) Change in the resonance wavelength by changing the shape of the
nano structures (Reprinted figure with permission from [35] Copyright (2004) by the American
Physical Society.).
It has been found in the case of arrays of hole, factors such as the periodicity, the shape and
dimensions of the hole, the film thickness, the rotational symmetry, the polarization state of the
light and the optical properties of the metallic surface and the dielectric medium play a crucial role
in determining the resonance wavelength of the nano structures [35–39]. Figure 1.6(c) shows two
nanohole arrays with two different periodicity marked by h and  and it is seen that when white
light is incident on the surface, depending on the periodicity, the resonance wavelength changes
and as seen in the inset, the color of the transmitted light changes. Figure 1.6(d) shows the effect
of changing the shape and dimensions of the nano-holes and it is seen how the resonance peak
changes when the dimension of the rectangular holes is changed or when they are replaced by
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circular holes. Surface corrugations both on the incident and the exit face of the metallic surface
also help in the generation and collecting of surface plasmons and focusing the light to a sub
wavelength dimensions [31, 40]. Scattering of the incident light on a microstructure and
subsequent interference of the incident and the scattered light can help in reducing the spot size of
the focused laser beam and it has been demonstrated by the use of dielectric microspheres [41] or
by using a surface scatterer such as a nanowire [42]. Introduction of asymmetry in the design of
the surface can also help in generating tightly focused spots such as an aperiodic metallic
waveguide array [43]. Other approaches involve the shaping of the incident waveform of the light
to generate focused spots [44] and under proper conditions, even random nanoparticles can help
in focusing the incident light to a subwavelength scale in the near field [45, 46].
Another class of nanoscale devices for focusing and concentrating light to small volumes is based
on ridge apertures. Enhanced transmission through ridge apertures generally originates from a
combination of effects such as the waveguide mode of propagation, Fabry-Perot resonance and
localized surface plasmon resonance [47] and perform significantly better than simple apertures
like squares and rectangles [48]. In addition to that, ridge apertures generally also utilize the
‘lightning rod’ effect to create a strong field concentration at the apex of a sharp feature which
helps in the generation of a hotspot whose intensity could be few orders of magnitude higher than
the incident light intensity. Some of the ridge aperture designs which have been shown to have a
good sub-wavelength spot focusing capability include the C-shape [49, 50], I-shape [51], H-shape
[47, 48], E-shape [52] and bowtie aperture [53].

Applications of Sub-Wavelength Laser Focusing
Generation of a nanoscale spot has its use not only in higher resolution imaging systems, but also
in different types of applications in the fields of nanofabrication, data storage, photonic devices
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and material processing [54, 55]. Subwavelength hotspots have been used extensively for
nanolithography applications and it has been found that sub diffraction limited line width could be
achieved routinely using low cost visible wavelength light [56–58]. Nanolithography techniques
can be further based on contact approach, planar lens imaging or direct writing. In contact approach,
the source of the near field hot spot is brought into close contact with the writing material, typically
a photoresist and exposed to the suitable wavelength to write tiny patterns [59–62]. Planar lens
imaging nanolithography is typically performed by utilizing superlens where a mask pattern is
projected into the photoresist surface using a superlens. The near perfect resolution capability of
the superlens helps in achieving the very narrow line widths [63–65] On the other, direct write
nanolithography is a maskless method which offers greater flexibility in writing complex
structures and typically uses either solid immersion lenses, conical plasmonic lenses or scanning
field probes [66–68]. In the field of data storage, nanoscale laser spot has an emerging application
in the field of heat assisted magnetic recording (HAMR) where a tiny laser spot is used to
temporarily heat up a high coercivity recording medium and write data to achieve a high areal data
density [69–71]. Several types of antenna and aperture based structures have been studied for
HAMR applications [52], [72], [73]. Also very small aperture lasers (VSAL) benefits from higher
output power level through the use of subwavelength structures [74, 75]. Other uses are in the
areas of surface-enhanced Raman scattering (SERS) or spectroscopy and enhancing photodiode
efficiency. Improved photodetector response with enhanced photocurrent output and better
polarization sensitivity can be obtained with the incorporation of plasmonic structures like ridge
apertures and surface gratings to generate focused and enhanced spot [76–78].
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Outline of the Report
In this work, different types of plasmonic nano-structures are studied with the aim of generation
of a nanoscale diffraction unlimited hotspot. Principles for the design of the nano-structures are
discussed and computational studies are done using a FEM based solver to accurately quantify the
sub-diffraction focusing capability of the nano structures. Characterization of the nano-structures
and experimental studies to demonstrate their application are also performed which validates the
potential usability in different future engineering applications.
Chapter 2 discusses the light focusing capability of bowtie apertures. Simulation results are
presented as well as experimental setup for demonstration of nano-lithography was established.
Using a precise gap control system, massively parallel scanning nanolithography was
demonstrated with the help of over a thousand bowtie apertures with sub-diffraction feature sizes.
Chapter 3 discusses a new type of cross sectional ridge aperture which is fabricated by a planar
lithography process which is shown to have very small feature size for better confinement of light.
Simulation studies of these apertures and NSOM characterization results are also presented.
Chapter 4 investigates the use of near field transducers for HAMR applications. Both
electromagnetic and thermal simulations were performed using the actual optical and thermal
properties of the different layers of recording medium and the performance of different types of
NFT are characterized. Also, it is shown that introducing some geometric modifications and
changing the working wavelength can improve the performance significantly. Besides, the use of
a split ring resonator as a design for concentrating and focusing light is studied. The various modes
of resonance at different wavelengths is numerically investigated. Fabrication of these structures
and subsequent characterization is performed using NSOM.
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Chapter 5 deals with the experimental verification of the enhanced electromagnetic force due to
presence of nano slots on a metallic film over a planar metallic surface. An optical deflection
based system is used for measuring the deflection of a gold coated thin membrane with and without
slots and results are compared.
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2. PARALLEL NEAR-FIELD SCANNING OPTICAL LITHOGRAPHY
WITH BOWTIE APERTURES

Portions of this chapter have been published in Wen, X.*, Datta, A.*, Traverso, L. M., Pan, L., Xu,
X., & Moon, E. E. (2015). “High throughput optical lithography by scanning a massive array of
bowtie aperture antennas at near-field.” Scientific reports, 5., DOI: 10.1038/srep16192.
Introduction
Ever since the growth of the semiconductor industry, optical lithography has been the workhorse
of fabrication technologies. In order to continue satisfying Moore’s law which states that the areal
density of electronic components should keep on growing by two times every few years, ultra-fine
resolution lithography is needed which cannot be achieved by convention optical lithography.
Nanolithography aims to achieve this target of having high resolution lithography utilizing the near
field capability of sub wavelength structures. Besides, high throughput at low costs are also
desirable traits in order to make a particular nanolithography process attractive and useful [57]. To
this extent, this chapter describes the experimental demonstration of a high resolution, high
throughput and low cost nanolithography process.
Near-Field Scanning Optical Lithography (NSOL)
Near-field scanning optical lithography (NSOL) typically consists of some nano-apertures or nanotips which act as sources of diffraction unlimited light spot [58], [79–81]. These structures can be
integrated either in a mask or a probe and can be used with visible light to create surface patterns
in the optical near-field. Since NSOL does not need to use any pre-patterned templates, any
arbitrary pattern can be created with NSOL by scanning the probe over the photoresist-coated
substrate. Sub diffraction-limited feature sizes can be conveniently obtained using NSOL
technique and feature sizes comparable to electron beam lithography on self-assembled
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monolayers have been reported [82, 83]. Typically, an NSOL process operates in micrometer per
second speed range and the finer resolutions are obtained with the careful control of the scanning
speed and the exposure dose. Remarkably high scanning speeds (cm/s) in NSOL have also been
demonstrated, with resolution of around 190 nm [84] using a solid immersion lens. Since NSOL
is basically a near field technique where the light emerging from the exit-plane of the nano-aperture
decays exponentially within tens of nanometers [48, 85], there has to be a precise control of the
separation or gap distance between the photoresist and the nano-apertures during the lithography
process [86–88] which helps in maintaining high light intensity and a tight light spot during the
lithography process. Also, NSOL typically can use visible wavelengths which makes the process
much cheaper compared to the other state-of-art lithography methods using deep UV and extreme
UV light. Traditional NSOL uses a single aperture/antenna which poses a limit on the throughput.
Out of several possible nano-apertures which can act as light focusing elements for NSOL, bowtie
apertures are one of the most studied and extensively researched which has been used in this work
[53, 62, 89].
In order to scale up the nano-lithographic process over a large area, several techniques have been
developed to simultaneously pattern a large area. For economically creating periodic structures
over a larger area, many effective lithographic techniques have been developed, such as blockcopolymer self-assembly lithography, self-assembled nano-particles, and nano-sphere lithography
[90–94]. Massively-parallel scanning lithography has been demonstrated in scanning probe
lithography where large arrays of cantilever probes were used to generate lithographic patterns
over millimeters areas in the contact mode [95–97]. Among the different methods, “Snomipede”,
a parallel scanning near field lithography method was able to address an area 1mm in size
simultaneously by sixteen probes yielding a minimum feature size of 70 nm [95]. Dip-pen
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lithography is another versatile scanning probe lithography method, which is capable of producing
massively parallel patterns at the 100 nm scale over square centimeter areas [98–100]. We look
at ways to produce high patterning throughput by using a large number of nano-apertures in
parallel which is the primary focus of this work.

Bowtie Apertures as Near Field Light Focusing Element
In this section, we study the transmission properties and near field focusing characteristics of
bowtie apertures made out of real metals, which are used in our parallel lithography system. A
bowtie aperture is shown in Figure 2.1(b) and is closely related to its counterpart, the bowtie
antenna shown in Figure 2.1(a). An SEM image of a bowtie aperture, fabricated by focused ion
beam (FIB) milling on a metal film is shown in Figure 2.1(c).

Figure 2.1. Schematic showing (a) bowtie antenna, (b) bowtie aperture and (c) SEM image of a
bowtie aperture fabricated by FIB and (d) electric field plot at the exit plane of the bowtie
aperture.
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The bowtie aperture consists of two metallic arms shaped in the form of a triangles with a tiny gap
between them. When light polarized across the arm of the triangles is incident on the bowtie
apertures, the two sharp tips create a lightning rod effect and helps in the charge concentration
leading to an increased field intensity. The transmitted spot size is largely determined by the gap
size of the bowtie aperture while the open arms of the aperture allow longer cutoff wavelengths to
propagate [101]. Bowtie apertures are suitable for nanoscale light focusing elements for
lithography due to the following reasons: i) It being an aperture based design can block most of
the incident light from transmitting and only allows light to pass through the small gap, ii) TE 10
like waveguide can be established in the bowtie apertures, which helps in achieving high
transmission through the apertures, iii) excitation of surface plasmon contributes to the enhanced
field intensity at the exit plane of the bowtie aperture and helps in maintaining the collimation of
the focused light sufficiently unlike C and H aperture where the surface plasmon generally has a
negative effect on the near field collimation effects and iv) the sharp tips of the bowtie apertures
help in generating intense field intensity through the tip effect [47]. Apart from the gap size, the
outline dimension of the bowtie, denoted by a in Figure 2.1(b) determines the resonant condition
and the thickness of the film governs the Fabry-Perot resonance condition for generating a strong
transmitted field [102]. Optimization of these geometrical parameters help in achieving a high
performance bowtie aperture design and Figure 2.1(d) shows the simulated electric field plot at the
exit plane of an optimized bowtie antenna and the field localization and enhancement near the gap
of the bowtie is clearly observed.
We consider a bowtie aperture made of aluminum of thickness, 150 nm on a quartz substrate and
we look at its resonance wavelength behavior as its outline dimension a and the gap size, g is
varied. Figure 2.2(a) shows the spectral variation of the electric field intensity at the near field for
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different outline dimensions of 180 nm, 200 nm and 280 nm respectively and it is seen that the
resonance wavelengths shift towards longer wavelength region with the increase in the outline
dimension. It is also evident from Figure 2.2(b) which plots the outline dimension as a function of
resonant wavelength. Figure 2.2(c) shows the spectral variation of the field intensity as a function
of the gap size. It is seen that while the resonance wavelength does not change largely with the gap
size, the field intensity increases with decrease in gap size. Thus it is advantageous to have a gap
as small as possible.

Figure 2.2. (a) Variation of the near-field intensity with wavelengths for an aluminum bowtie at
different outline dimensions, (b) Change in the resonance wavelength of the bowtie apertures
with the outline dimensions and (c) Variation of the near-field intensity with wavelengths at
different gap sizes (Reprinted by permission from Springer Nature [101]).
We further look at how different materials affect the performance of a bowtie. We consider a
bowtie of outline dimension 180 nm on a quartz irradiated with a wavelength of 355 nm. We
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consider the performance of materials gold, chromium, aluminum and silver and Figure 2.3 plots
the electric field profile at plane 5 nm from the exit plane of the bowtie aperture. We find that
aluminum and silver bowties have strong field enhancement when compared to chromium or gold.
However, from the experimental point of view, aluminum based nano apertures suffer from high
friction coefficient between the metal films and photoresist surface and also it is considerably
difficult to achieve highly smooth films. Also, silver suffers from corrosion when exposed to
ambient air. Thus, in the subsequent work, chromium films were used as the choice of material for
fabricating the bowtie apertures.

Figure 2.3. Electric field at a plane 5 nm from the exit plane of the apertures for different
materials gold, chromium, aluminum and silver.
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Experimental Setup
Efforts for the initial development of the nanolithography set-up were undertaken by Uppuluri
[103] and Kinzel [104]. The set-up for the near field nanolithography experiments consists
primarily of two main parts. First is the mask holder and the substrate scanning stage which
constitutes the lithography system. Also, there is an alignment system to align the mask and
photoresist surface to a very high degree of precision which uses a combination of a coarse
alignment system and fine alignment system using an interferometric spatial phase imaging (ISPI)
system which is described in detail in section 2.4.2.
2.4.1 Lithography System
At first, photoresist film (diluted S1805, at a dilution ratio of 1:6 in thinner type P) is spin coated
on an optically flat square quartz substrate of dimensions of 0.5” on each side which produces a
resist coating with surface roughness less than 0.3 nm as measured by an AFM. The photoresist
coated substrate is then mounted on a 5 axis piezo-stage (MadLabs) which is capable of moving
in x, y and z axes and also can perform tip tilt movement along x and y axis respectively.
The fabrication of the mask was done by Traverso [105]. For preparing the mask, initially an island
of height 10 μm and dimensions 150 μm x 150 μm is made at the center of an optically flat quartz
substrate. The island protrudes at the center of the quartz substrate and is prepared by etching away
the quartz from the surrounding areas. The purpose of the island was to minimize the contact of
the mask with the photoresist and to make the parallel alignment of the mask with the photoresist
surface easier. Two stripes of rectangular windows were then made as deposition masks beside the
island after which 70 nm chromium film was deposited on the substrate by thermal evaporation
which produces a film with surface roughness less than 1 nm [106]. The two transparent windows
were used later to form the ISPI gratings which were used for precise gap control. Next, bowtie
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apertures were milled on the surface of the chromium film on the islands using focused ion beam
(FIB) milling (FEI Nova 200 Dual Beam FIB/SEM) using a low current of 1 pA which gives the
best resolution. The outline dimensions of the bowtie apertures were fixed at 170 nm based on
simulation results. In order to demonstrate a large area nanolithography, an array of 32 x 32 bowtie
apertures was milled on the island with the help of FIB. The spacing between two adjacent bowties
was kept at 2 μm to ensure that the presence of the neighboring bowtie apertures doesn’t affect the
individual performance of the bowtie and thus the array of bowtie apertures covered an area of
about 65 um x 65 um. A large area can be milled with the FIB tool either by deflection of the ion
beam to the required location or by moving the substrate stage in the FIB tool to the desired
location and milling the bowtie apertures. While the substrate stage in the FIB machine can move
longer distances, it lacked the precision needed to generate a uniform array of bowtie apertures
with 2 μm periodicity. Hence, the bowtie apertures in the array were rather milled one by one with
the FIB by deflecting the position of the ion beam to reach a particular location. The range of the
ion beam deflection of the FIB tool is restricted to about a square of 70 μm each side. Thus, the
number of bowtie apertures which could be milled at a go was only limited by the capability of the
FIB tool to pattern a larger area and theoretically more number of bowtie apertures can be milled
with larger ion beam deflection capability or more precise stage control. Figure 2.4 shows a
schematic diagram of the mask showing the quartz substrate, the chromium layer, the bowtie
aperture array on the island and the ISPI gratings. The mask was held on a two axis tilt stage to
facilitate easy alignment between the mask and the photoresist.
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Figure 2.4. Schematic diagram of the mask used in the experiments (taken from [107]).
The bowtie aperture array is then irradiated to a laser source (frequency tripled diode-pumped solid
state (DPSS) UV laser,   355nm ) and the substrate is scanned simultaneously to expose the
photoresist and create the desired patterns. A schematic describing the entire lithography process
is shown in Figure 2.5(a) while Figure 2.5(b) shows a picture of the actual experimental set-up.
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Figure 2.5. (a) Schematic of the lithography set-up (taken from [107]) and (b) Actual image of
the experimental set-up.

2.4.2 Alignment System
In order to achieve a high degree of parallelism between the mask and the photoresist coated
substrate, an optical interference based alignment system was implemented using a 633 nm He-Ne
laser as shown in Figure 2.6(a). The laser beam was incident from the bottom on the photoresist
surface and the mask surface. The relative tilt between the mask and the substrate can be monitored
by noting the interference pattern generated on a CCD camera by the overlapping of the reflected
laser spots from the mask and photoresist surface. Figure 2.6(b) shows the interference pattern for
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different degree of tilt between the substrate and the photoresist surface. Adjusting the tilt of either
the mask or the substrate helps in the eliminating the interference fringes and this method helps in
achieving a parallelism of up to 100  rad.

Figure 2.6. (a) Schematic showing the coarse optical alignment system and (b) interference
patterns at different tilt angles (taken from [108]).
When using a large array of bowtie apertures, even greater amount of parallelism between the
mask and the substrate is needed for uniform performance of all the bowtie apertures. This was
done with the help of a series of a two dimensional chirped gratings pair called as ISPI gratings.
The concept of ISPI system was introduced by Moon [109] and initial work for implementing the
ISPI system in our nanolithography setup was done by Srisungsitthisunti [108] and Wen [110]. A
schematic of the pair of ISPI gratings is shown in Figure 2.7(a). For ISPI gap detection, a red laser
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beam (  = 660 nm) was used which is incident at an oblique angle onto the ISPI gratings. The
chirped gratings allow the light to get diffracted into different angles.

Figure 2.7. (a) Schematic of a pair of two dimensional ISPI gratings and (b) Image of
interference fringes generated from the ISPI gratings (Reprinted with permission from [110]
Copyright [2013], American Vacuum Society).
A portion of the diffracted beam reflects back from the substrate surface and re-diffracts on the
gratings. The superposition between the diffracted light coming after reflection from the substrate
and the diffracted light which is generated by the incident beam creates a set of interference
patterns with different fringe spacing shown in Figure 2.7(b) which was captured by a CCD camera.
The frequency and phase information of the fringes change linearly with the change in gap distance
between the mask and the substrate and gap value can then be calculated by calibrating a linear
equation. From calibration of the phase information, it has been found that 2 change in the phase
corresponds to about 150 nm change in the gap distance. Since the sensitivity in the phase detection
is about

1
th of a phase cycle, the ISPI system can detect a gap change of about 0.15 nm.
1000

For a large area lithography, it is necessary to make the mask as parallel as possible to the substrate.
For this purpose, a series of ISPI gratings were fabricated on the mask at different locations. The
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ISPI camera was mounted on a two axis motorized stage and the camera was moved to different
locations to image the interference fringes from the ISPI gratings at different places. The gap
reading was noted at different locations. Difference in the gap reading indicates the misalignment
of the mask and the substrate and the misalignment was corrected by the tip tilt movement of the
mask until the gap reading at different locations were roughly the same. The procedure is illustrated
in Figure 2.8(a) and (b). Figure 2.8(a) shows the gap reading when there is a misalignment between
the mask and the substrate while Figure 2.8(b) shows the readings when there is a good alignment
between the mask and the substrate surface. This process helps in achieving a parallelism of upto
30  rad.

Figure 2.8. (a) The ISPI gap readings when the mask and the substrate are mis-aligned, (b) The
ISPI gap readings when the mask and the substrate are aligned to be parallel and (c) Plot of gap
reading versus piezo height of the substrate stage indicating the contact point (Reprinted with
permission from [110] Copyright [2013], American Vacuum Society).
Next, we determine the contact point between the mask and the substrate by slowly raising the
height of the piezo-stage and noting the gap reading from one of the ISPI gratings until the
substrate gently touches the mask surface.

When we plot a graph of the piezo-stage position

versus the gap reading as shown in Figure 2.8(c), it is seen that the gap decreases linearly when
the substrate is moving toward the mask and as soon as it touches the mask, the slope of the curve
becomes zero which helps in identifying the contact point. Once the contact position is determined,
the working distance between the mask and the photoresist surface can be precisely set by
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retracting the substrate away from the mask by the required nanometers. This method provides a
very accurate way to set a working distance in the order of few nanometers which is essential for
realizing near field nano lithography over a large scale.

Results
The results for the static lithographic tests are discussed first which was done by Wen [111] and
then parallel lithography in the large scale will be discussed in detail in the next section. Figure
2.9 shows an AFM image of the exposure dose test with a single bowtie aperture. The incident
power density was 10 mW/cm2. From the dose tests, it is seen that with the increase in exposure
time, the spot size becomes bigger which indicates over exposure. The spot is barely visible at an
exposure time of 0.2s. The threshold exposure dose which is defined as the minimum dose needed
to create a discernable pattern is based both on the exposure time of 0.2s and the incident power
density.

Figure 2.9. AFM image of static lithography test with different exposure times. (Reprinted by
permission from Springer Nature: [111]).
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Based on the static lithography tests, scanning lithography tests were done by scanning the
photoresist coated substrate beneath the mask. ISPI system was used for better alignment of the
mask and the photoresist and to maintain a precise gap between them. Figure 2.10(a) shows the
AFM image of a series of lines drawn with a single bowtie aperture. Lithography was performed
at different gap distances varying from 0 to 20 nm corresponding to line A to line E respectively
in Figure 2.10(a) while keeping the exposure dose and scan speed unchanged. The scan speed was
kept at 0.7  m / s . Within this gap distance, the intensity of the field at the exit of the bowtie
aperture does not diverge away rapidly and the beam remains collimated. However, since the
intensity of the transmitted light from the bowtie apertures decreases, the depth of the lines
decreases with the increasing distance. In a separate experiment, at a scanning speed of 0.5  m / s
and a gap distance of 10 nm, by carefully controlling the exposure dose, a line width of 19 nm was
obtained as seen from Figure 2.10 (b).

Figure 2.10. AFM image of lines produced with various mask-substrate distance: A: 0 nm, B: 5
nm, C: 10 nm, D: 15 nm, E: 20 nm, (c) cross section of a line produced with 10-nm masksubstrate distance and adjusted exposure dose (taken from [107]).
However, it must be noted here that these AFM images were obtained with an AFM tip of nominal
radius of 15nm (Bruker ORC8-10 AFM probe). Since the feature size of the lines are very close
to the tip radius, it is probable that the measured AFM profile of the lines are affected by the
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convolution effect of the tip radius. In order to avoid that, a deconvolution step of the measured
scan data was carried out based on the model of the tip geometry. For this purpose, we used
“Surface Reconstruction” function found in Gwyddion [112], an open source software for
visualization and analysis of scanning probe microscopy data. Based on the reconstruction
calculation, the modified FWHM comes out to be 25 nm.
In Figure 2.11, the effect of using and not using ISPI alignment is shown. In Figure 2.11(a), the
pattern ‘BNC’ is written without the use of any ISPI alignment. It is seen that due to the
misalignment between the mask and the substrate, there was a sufficient friction between the mask
surface and the photoresist surface and hence the letters did not come out properly. On the other
hand, when the ISPI alignments are used as shown in Figure 2.11(b), the patterns look very uniform
which proves the role of ISPI in achieving a good parallelism and gap control between the mask
and substrate.

Figure 2.11. AFM images of lithography results (a) without and (b) with (down) ISPI tip-tilt
angle alignment (taken from [107]).
We then use a mask with an array of 32 x 32 bowtie apertures and then do parallel nano lithography.
The SEM image of the mask is shown in Figure 2.12(a) and (b). From the SEM images, the
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variation in the outline dimension and the gap between the arms of the bowtie apertures can be
estimated to be about 7 nm.

Figure 2.12. SEM images of the mask, (a) showing an array of 32 x 32 bowtie apertures near the
center of the mask and (b) zoomed in view of a few of the bowtie apertures.
With the help of the ISPI alignments, it was possible to ensure the parallelism of the mask and the
substrate, which gave a good uniformity of the patterns drawn by each of the 1024 bowtie apertures.
Figure 2.13 shows the AFM image of a series of parallel nano lithography results with a scan speed
of 1 μm/s. Figure 2.13(a) shows the AFM image of a parallel lithography consisting of ‘N’ patterns
produced by 1,024 bowtie aperture array while Figure 2.13(b) shows parallel lithography result
consisting of ‘b’ pattern. From the images, the uniformity of the patterns produced is clearly
observed. The mean linewidth of the lines of the “N” shape shown in the inset is 67nm with a
standard deviation of 8nm. This variation in the linewidth is most likely caused by the variation in
the fabrication of each of the bowtie apertures.
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Figure 2.13. AFM image of a massive parallel lithography produced by 1,024 bowtie aperture
array with a scan speed of 1 μm/s for (a) “N” pattern and (b) ‘b’ pattern.
Figure 2.14 shows the AFM image of parallel lithography of a pattern of parallel line done
at a higher scanning speed of 10 μm/s. Even at this high speed, we find good uniformity of the
lines. AFM characterization of several of these lines indicate a mean line width of 73 nm with a
variation of 15 nm. In this case, the exposure dose was set to be a little higher than the threshold
so as to make sure that all of the bowtie apertures were able to produce a pattern on the photoresist.
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Figure 2.14. AFM image of high speed (10 μm/s) scanning lithography of a pattern of parallel
lines.
Conclusions
In summary, the experimental details of a nanolithography setup were described. Bowtie
apertures were used as light focusing elements which were able to generate sub diffraction limited
light spots in the near field. With the help of ISPI, precise control of the gap between the mask and
substrate was maintained and scanning lithography was performed on a photoresist layer. More
than 1000 bowtie apertures were fabricated on the mask which allowed us to write such a huge
number of patterns simultaneously with feature resolution much beyond the diffraction limit and
in principle, this method is scalable to even larger number of simultaneous patterns.
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3. DESIGN AND CHARACTERIZATION OF A CROSS SECTIONAL
RIDGE APERTURE

Portions of this chapter have been published in Traverso, L., Datta, A., & Xu, X. (2016).
“Subdiffraction light focusing using a cross sectional ridge waveguide nanoscale aperture.” Optics
Express, 24(23), 26016-26023, DOI: 10.1364/OE.24.026016
Introduction
In this chapter, we first describe the existing challenges and problems related to the fabrication of
the bowtie apertures and a novel type of ridge aperture is proposed which can in principle produce
highly focused light spots with better resolution. Also the proposed technique can fabricate a large
number of such structures simultaneously. Simulation was performed in ANSYS HFSS to aid in
the design of the structures and which were then subsequently fabricated by a combination of
multiple nanofabrication techniques. Finally, scattering near field scanning optical microscope (sNSOM) characterization was done to characterize the properties of the designed apertures.
Challenges of Fabrication of Ridge Aperture based Nanostructures
Ridge based apertures are one of the most widely utilized nanostructures that are used for sub
diffraction focusing of light [47, 49, 87, 113]. Out of several different methods for fabricating these
structures, one of the most popular method includes coating of a metallic film on the substrate and
then by using a focused ion beam (FIB) milling to create the desired pattern in the metal film. Not
only this method is versatile and simple, but it also can generate arbitrarily complex designs of
nanostructures by raster scanning of the focused ion beam. However, one of the disadvantages of
using the FIB is the tail effect of the beam profile which creates a tapered sidewall and rounded
edge at the top surface of the structure [114, 115]. This reduces the sharpness of the nanostructures
and the minimum achievable feature size and results in poorer resolution and decreased
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enhancement of the field intensity at the exit plane of the apertures. Figure 3.1(a) shows an SEM
image of the actual shape of a fabricated bowtie aperture. The taper in the side wall and the rounded
edges at the top is clearly observable in the SEM image. Figure 3.1(b) and (c) show the simulated
results plotting the electric field distribution for an ideal straight walled bowtie aperture and an
actual tapered walled bowtie aperture, respectively. The comparison of the simulated images
brings out the difference in the field intensity and local enhancement between these two structures.
It is seen that the peak field intensity is much less for a tapered structure and the field localization
is also very poor compared to the straight walled structure.

Figure 3.1. Tilted SEM image of a bowtie aperture showing the tapered side wall, (b) Electric
field plots showing the field concentration for (a) ideal straight walled structure and (b) actual
fabricated tapered structure.
One way to overcome the issue of the proximity effect of the FIB is to use an inverted approach to
mill the nano-structures [114]. In this method, metal is deposited on a free standing thin membrane,
like a commercially available silicon nitride membrane and then the structures are milled from the
back side. This ensures that the tapered profile remains in the silicon nitride layer while the sharp
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edges are present in the metal layer. This can achieve very high resolution of the spot size, even
less than 20 nm due to the very narrow gap with sharp features on the metal side. Figure 3.2 shows
a schematic of the inverted milling approach to design nano-apertures with very tiny gaps.

Figure 3.2. Schematic showing the inverted milling approach.
While the inverted milling approach can produce sharp features, it is still based on FIB milling
which is a serial process and hence the output is slow. In the following sections, the fabrication
procedure of a cross sectional ridge aperture is elaborated which on one hand can give very narrow
apertures and also can simultaneously generate many structures in parallel.
Fabrication of a Cross Sectional Ridge Aperture
The fabrication of the cross sectional ridge apertures was done by Luis Traverso [105]. Figure 3.3
shows the detailed method for fabricating the cross sectional ridge aperture in a layer by layer
manner. The process starts with a clean Si wafer which is coated with layers of titanium, gold and
chromium. On top of that hydrogen silsesquioxane (HSQ) resist is coated at 4000 RPM for 45
seconds and soft baked at 120°C for 3 minutes. The 5 nm titanium layer serves as an adhesion
layer between the 150 nm of gold and the silicon substrate while the 3 nm chromium layer serves
as an adhesion layer between the HSQ and the gold layer.
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Figure 3.3. Fabrication process of the cross sectional ridge apertures. (a) Cross section view, (b)
Top view and (c) final structure of the aperture (taken from [116]).
HSQ was chosen since it is transparent and a negative resist and can maintain its shape. Then the
HSQ layer is exposed using electron beam with a particular current to obtain the required dose. A
set of pair of lines were written using the e-beam lithography as shown in the second figure in
Figure 3.3(a). The exposed HSQ is then further developed in tetramethylammonium hydroxide for
few seconds depending on the required dimensions. For example, an e-beam current of 0.3 nA
corresponding to a dose of 2000 μC/cm2 when developed in tetramethylammonium hydroxide for
45 seconds yields pairs of lines of HSQ with thickness of about 85 nm and a width of 220 nm with
the spacing between the lines in each pair being 25 nm. However there is residual HSQ left in
between the HSQ lines due to the proximity effect during e-beam writing as shown in Figure 3.3(a).
The amount of the residual is consistent as long as the substrate materials and exposure conditions
remain the same. Finally, after developing HSQ, a 5 nm layer of titanium and 200 nm layer of gold
are coated in a substrate rotation chamber to fill the ridge between the two lines of HSQ with gold.
The depth to which the gold penetrates between the ridge is very crucial for achieving a focused
hotspot and can be controlled primarily by varying the gap between the pair of the HSQ lines and

43
the width of each of these lines. A careful control and optimization of the process parameters is
needed to have the right amount of penetration depth of the gold between the two ridges. From the
top view, the structure looks like as shown in Figure 3.3(b) while the isometric view of the final
structure is illustrated in Figure 3.3(c). In order to access the structures for further characterization,
subsequent steps were necessary to cut open the structure. First a laser cut was made using an
amplified femtosecond laser cutting system as shown in Figure 3.3(b), along the silicon crystal
lattice direction (the electron beam exposed lines are intentionally made perpendicular to the
crystal lattice orientation). The laser does not directly cut the exposed lines to avoid damage to the
fabricated aperture due to the debris from the laser machining process. The substrate is then broken
apart by mechanical force which gives a cleaner cut thus exposing the ridge apertures. A series of
SEM images are presented in Figure 3.4 which shows the various steps of the fabrication procedure.
Figure 3.4(a) shows a pair of HSQ lines after it got exposed and developed along with the
surrounding gold layers. Figure 3.4(b) shows a series of HSQ line pairs after the crystal guided cut
of the silicon wafer is done. Figure 3.4(c) shows a final image of the aperture that is generated and
the protrusion of the gold between the two HSQ lines is visible in the images. The protrusion acts
a tip which concentrates the charge at its apex due to the lightning rod effect and can generate an
intense and concentrated hot spot.
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Figure 3.4. SEM images of the structure during intermediate steps. (a) Exposed and developed
HSQ lines (scale bar is 200nm). (b) Aperture lines on edge of the substrate after crystal guided
cut (scale bar is 1 μm). (c) Zoomed cross section picture of 2 apertures (Inset scale bar is 200
nm) (taken from [116]).
Simulation Results of the Cross Sectional Ridge Aperture
Electromagnetic simulation is performed for the cross sectional ridge apertures using ANSYS
HFSS to determine the proper dimensions of the cross sectional ridge aperture which will give a
high field enhancement and good field localization. A schematic diagram of the simulation model
is shown in Figure 3.5 which points out the different layers and the relevant dimensions. The
aperture consists of two HSQ lines of width w and the height of the HSQ lines is denoted by h and
the spacing between the two lines by s. Gold reached into the spacing between the two lines to a
distance d. A fillet radius of 20 nm was used at the apex of the penetrated portion of the gold in
order to resemble the fabricated geometry as observed from the SEM images. The thickness of the
aperture was taken to be 100 nm and a Gaussian beam of radius 500 nm, polarized along the
vertical direction in the figure, was incident on the aperture. Absorption radiation boundary
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conditions were used at the outer surfaces of the model and the wavelength of 633 nm was used
as the simulation wavelength.

Figure 3.5. Schematic of the simulation model showing different dimensions.
As with any ridge apertures, the dimensions of the aperture play an important role in determining
the functionality of the apertures and their ability to concentrate light into a hotspot. With respect
to the fabricated apertures, the penetration depth of the gold between the pair of HSQ lines and the
width of the apertures are the two important parameters and accordingly, we studied the simulated
performance of the apertures when the penetration depth of the gold, d and the width w of the
individual HSQ lines are varied.
Figure 3.6 (a) – (c) show the electric field distribution at a plane 5 nm from the exit plane when
the penetration depth, d is varied as 20 nm, 45 nm and 75 nm respectively. All other dimensions
as shown in Figure 3.5 are kept constant at w = 220 nm, h = 85 nm and s = 25 nm. It is seen that
the change in the penetration depth causes a significant change in the charge accumulation at the
tip and we find that there is no field localization for d = 20 nm or d = 75 nm in Figure 3.6 (a) and
Figure 3.6(c) respectively. When d is about 45 nm +/− 10 nm, effective field concentration at the
tip can be obtained.
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Figure 3.6. Electric field distributions for (a) d = 20 nm, (b) d = 45 nm and (c) d = 75 nm when
the other dimensions are fixed at The electric field distribution plots are taken 5nm above the exit
plane of the apertures and the incident electric field was considered to be 1V/m (taken from
[116]).
Next, we study the effect of the change in the aperture size by altering the HSQ line widths. In
Figure 3.7 (a) – (c) the line width, w is 40 nm, 120 nm and 220 nm respectively and all the other
dimensions are kept constant as d = 45 nm, h = 85 nm and s = 25 nm. From the results of the
electric field, we find that changing the aperture width brings about a marked change in the charge
accumulation due to surface plasmon at the edge of the gold-HSQ interface. In Figure 3.7 (a) when
the line width is 40 nm, the field at the tip is several times than the incident field but at the same
time there is a high field concentration at the interface between the bottom gold layer and HSQ
lines which will prevent from realizing an isolated hot spot. When the line width is increased to
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120 nm as in Figure 3.7 (b), the field concentration at the interface between the gold layer and
HSQ lines starts spreading out but an isolated spot at the tip is still not obtained. On the other hand,
when the line width is increased further to w = 220 nm, the charge accumulation at the edge of the
gold and HSQ interface diminishes and an isolated hotspot can be obtained as shown in Figure 3.7
(c). Extending the line width larger than 220 nm results in a nearly identical field as shown in
Figure 3.7 (c).

Figure 3.7. Electric field distributions for (a) w = 40 nm, (b) w = 120 nm and (c) w = 220 nm
when the other dimensions are fixed at The electric field distribution plots are taken 5nm above
the exit plane of the apertures and the incident electric field was considered to be 1V/m (taken
from [116]).
In order to quantify the performance of the apertures, electric field 5 nm above the aperture and
the spot size were evaluated for more values of w and d. Figure 3.8(a) shows the electric field value
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when w and d are varied. It appears that a narrower width w will produce a higher field intensity.
However, from the spot size for different values of w and d shown in Figure 3.8(b), it can be seen
that the spot size tends to become larger when w is smaller. This is due to the additional effect of
the edge plasmon at the interface of the gold and the HSQ layer. When w is smaller, the calculated
spot size incorporates the effect of field concentration, both at the apex of the tip and the edge of
the gold and HSQ layer and increases the spot size. On the other hand, increasing the value of w,
reduces the spot size since the edge plasmon effects become weaker. Thus, in order to design an
aperture with high field concentration as well as reduced spot size, both w and d should be
optimized simultaneously.

Figure 3.8. (a) Electric field enhancement and (b) Spot size for varying values of w and d (taken
from [116]).
The field strength and penetration are different in the metal film and the HSQ layer. The field
strength inside the HSQ layer and the metal layer is illustrated using the z component of the electric
field. Figure 3.9(a) and (b) show the z component of the electric field at a plane right above (1 nm
above) the exit plane and at a plane 1nm below the exit plane. It can be seen that the maximum
field strength within the HSQ layer is 12 times that of the incident field while the it only 8 times
within the metal layer. The field generated due to the surface plasmons at the apex of the tip
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penetrate to different distances within the HSQ layer and the metal, and Figure 3.9 (c) plots the
decay of the field strength inside the metal layer and the HSQ layer. The skin depths can be
calculated based on the decay length of the field strengths and are found to be 2.98 nm inside the
metal layer and 16.1 nm inside the HSQ layer.

Figure 3.9. Electric field (z component) within the (a) metal layer and (b) HSQ layer. (a) and (b)
are plotted in logarithmic scale for better clarity. (c) Decay of electric field within the HSQ and
metal layer (taken from [116]).

Characterization of the Apertures
In order to characterize the apertures, some additional fabrication steps were taken so as to provide
a pathway for the incident light to illuminate the apertures. For this purpose, at first a layer of
platinum of about 6 μm thick is deposited on top of the apertures. This additional platinum layer
on top of the aperture helps to block background light during NSOM measurements as well as to
protect the apertures during the FIB milling. Then, large FIB cuts were made on top of the sample
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which would allow a portion of the incident light to excite the apertures. The cross section wall is
made using FIB milling close to the edge of the cut substrate as shown in Figure 3.10. This
relatively wide FIB milling (about 30 μm) allows light to reach the aperture. Figure 3.10 (a) shows
a top view of a schematic which shows the large FIB cuts, the thin wall with the apertures and the
incident light for s-NSOM characterization. Corresponding SEM images are shown in Figure 3.10
(b) and (c) to show the final images after the FIB cuts. Finally, the platinum wall is thinned down
to decrease the thickness of the aperture which would allow sufficient light to reach the exit side
of the aperture for the s-NSOM measurements.

Figure 3.10. (a) Top view of a schematic showing the large FIB cuts along with the thin wall
with the apertures and the incident light for s-NSOM characterization (image from [116]). (b)
SEM images of the top view of the large FIB cuts along with the platinum wall and (c) SEM
images showing the same cuts from an isometric view. The scale bar in (b) and (c) is 10 m and
is from [105].
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3.5.1 Far Field Characterization
After the FIB cuts, the fabricated apertures were positioned in a microscope setup where far field
images were taken through an objective lens. The apertures were illuminated from the large FIB
cut side with a 633 nm HeNe laser and the images were taken from opposite side to detect the far
field transmission through the apertures. Figure 3.11(b) shows the far field image of the exit of the
apertures and the corresponding SEM images of the apertures are shown in Figure 3.11(a). It is
clearly seen that light emerges from the exit side of the aperture when the incident light illuminates
the apertures.

Figure 3.11. (a) SEM image showing the row of apertures and the platinum wall and (b) Front
view of a far field image from the apertures.

3.5.2 Near Field Characterization
Further characterization of the optical near field of the fabricated apertures was done using an sNSOM. A home built s-NSOM based on a commercial AFM system was used for this purpose.
The basic principle of the working of an s-NSOM is described briefly. The s-NSOM was operated
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in transmission mode where light of wavelength 633 nm was focused on the sample with the help
of an objective lens. At the same time, an AFM tip was scanned across the sample in the tapping
mode. The scattering from the AFM tip relays the near field signal from the apertures and converts
it into propagating signal. The scattered light from the AFM tip was then collected by a separate
objective lens and was detected by a photodetector. The scattered light signal was demodulated
with a lock-in amplifier at the tip oscillating frequency and its higher harmonics. Higher harmonic
detection typically helps in achieving greater signal to noise ratio and suppresses unwanted
background noise [117–119]. Demodulation at second and third harmonics of the fundamental tip
oscillation frequency helps in isolating the near field signal from the background the working
principle of which is explained in the next section.
3.5.2.1 Improvement of resolution through higher harmonic demodulation
As a simple approximation, the apex of the AFM tip or the probe can be considered to be a sphere
of radius a , the center of which is at a distance r from the sample surface with a permittivity  p .
The permittivity of the sample surface is considered to be  . An external field E induces a dipole
p on the probe as well as its image dipole p ' and is given by Equation (3.1) and shown in Figure

3.12.

E

p
2 r 3

(3.1)
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Figure 3.12. Schematic of the probe dipole p and the image dipole p ' ( Reprinted from [119]
with permission from Elsevier).
By considering the probe sample system, the effective polarizability can be denoted by  eff
given by [119]:

 eff 

Where,   4 a 3

 (1   )

1
16 r 3

(3.2)

 p 1
 1
and  
 1
p 2

Accordingly, the effective polarizability gets enhanced only when the distance between the sample
surface and the probe is much less than a . The scattering cross section Csca depends on the square
of the polarizability and hence is a strong function of the distance between the sample and the
probe and so the scattering signal from the probe decays sharply in a non-linear fashion as the gap
between the sample and the probe increases as shown in Figure 3.13(a).
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Figure 3.13. (a) The dependence of scattering signal from the probe with distance as the probe
oscillates between z  0 to 0.5a and z  0 to 5a and (b) Fourier components of the plot of (a)
showing the fundamental frequency component and its higher order components (Reprinted from
[119] with permission from Elsevier).
When the Fourier transform of this highly non-linear scattering signal is taken, we not only get the
fundamental frequency component, but higher order terms are also obtained as seen in Figure
3.13(b). These higher order components are only present due to the fact that the scattering signal
from the induced dipole in the near field follows a non-linear decaying trend and hence the higher
order harmonics signal represents a closer approximation of the true near field signal from the
probe. However, the strengths of these Fourier components decrease with increasing harmonic
number and also is a function of the oscillation amplitude of the probe tip.
A simulation model which takes into account the exact conditions of the tip and the sample used
in the experiments show that the ‘s’ and ‘p’ polarized components of the scattered signal behave
differently with z distance [120]. Es field component which is related to in-plane field component
is not so sensitive to the tip sample distance while the E p field component which is related to the
out of plane field component decays rapidly with the tip sample distance. It is also found that by
considering the effect of tip oscillation and demodulation, the measured spot size approaches very
close to that of the actual near field profile for demodulation between third and fifth order
components [120]. However, since the signal to noise ratio decreases rapidly as the order of
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harmonic demodulation is increased from third to fifth, third harmonic demodulation is considered
as a close representative of the actual near field spot which also has a good signal to noise ratio.
3.5.2.2 Results and discussions
Figure 3.14 shows the s-NSOM results as well as the SEM image and the AFM topography of a
series of apertures. Figure 3.14(a) shows the SEM image while Figure 3.14(b) shows the
corresponding AFM topography image. It can be seen from the AFM topography image that the
exposed surface of the cross section, unlike normal ridge apertures fabricated by methods such as
FIB milling, is fairly planar. Figure 3.14(c) shows the s-NSOM signal collected at the 2nd
harmonic of the tip oscillation frequency and Figure 3.14 (d) shows s-NSOM signal collected at
the 3rd harmonic of the tip oscillation frequency. Using low harmonic detection, the background
from the AFM cantilever and surrounding regions makes it difficult to observe the true near field
signal at sufficiently high resolution and unwanted background fringes appear the image in Figure
3.14(c), which are commonly seen in s-NSOM measurements. Both Figure 3.14(c) and (d) show
the enhancement of the field intensity near the tip of the gold protrusion. However, it also seems
that, some of the apertures also have a second intense hotspot near the edge of the HSQ layer and
the bottom gold layer. This is due to the edge plasmon effect at the interface of the gold and HSQ
layer as predicted from the simulation results in Figure 3.6(a).
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Figure 3.14. (a) SEM image of a series of apertures, (b) AFM topography of the same series of
apertures, (c) NSOM images obtained by 2nd harmonic demodulation and (d) NSOM images
obtained by 3rd harmonic demodulation.
Figure 3.15 (a) – (d) shows the s-NSOM results of another series of apertures along with the 1st,
2nd and 3rd harmonic s-NSOM signals. The 3rd harmonic image shows the presence of the near
field spot, however the spot is not uniform across the two adjacent apertures and looks elongated,
possibly due to the imperfections and unevenness of the two apertures.
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Figure 3.15. (a) AFM topography another series of aperture, (b) s-NSOM images obtained by 1st
harmonic demodulation, (c) s-NSOM images obtained by 2nd harmonic demodulation and (d) sNSOM images obtained by 3rd harmonic demodulation.
Another set of s-NSOM results is shown in Figure 3.16 where the dimensions of the aperture is
close to the simulated results for producing an isolated hotspot. Figure 3.16(a) shows the SEM
image, (b) shows the AFM topography, (c) shows the s-NSOM signal collected at the 2nd harmonic
of the tip oscillation frequency and (d) s-NSOM signal collected at the 3rd harmonic of the tip
oscillation frequency. It is seen that the high intensity spot from the third harmonic measurement
in Figure 3.16(d) is closer to what is predicted by the simulation as seen in Figure 3.7(c). The upper
bright spot is from the small ridge as seen in Figure 3.16(a) at the interface of the top of the gold
film and the platinum coating. Higher harmonic signals provide a better background suppression
and reduction of the peripheral fringes and helps in better visualization of the near field spot. The
amplitude of the tip oscillation in the experiments was 20 nm.
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From the s-NSOM measurements, the full width at half maxima of the near field spot is 72 nm x
76 nm. The simulated spot size at a distance of 5 nm from the exit plane is 22 nm x 28 nm, and
decays to 32 nm x 45 nm at 10 nm from the exit plane and 77 nm x 77 nm at 20 nm from the exit
plane. The measured value of the spot size is affected by the convolution between the tip radius of
the AFM probe (~10 nm) and the actual spot.

Figure 3.16. (a) SEM image of the aperture, (b) AFM topography of the aperture, (c) s-NSOM
signal collected at the 2nd harmonic of the tip oscillation frequency from the aperture of (a) and
(d) s-NSOM signal collected at the 3rd harmonic of the tip oscillation frequency from the
aperture of (a). The scale bar in these figures is 250 nm (taken from [116]).
Conclusions
In summary, a concept of a cross sectional ridge aperture by using a layer-by-layer fabrication
process was demonstrated. This allowed the creation of apertures with very fine features and small
gaps. Numerical electromagnetic simulations were performed to design the appropriate
dimensions of the apertures. Further, far field image characterization and s-NSOM measurements
were done to evaluate the quality of the fabricated apertures. It is seen that with the proper design
parameters and fabrication, a focused hotspot can be obtained.
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Introduction
According to an estimate by the International Data Corporation, the total volume of global digital
data is increasing by 40% annually and is estimated to reach 44 Zettabytes or 44 trillion gigabytes
by 2020. At the same time, the total data storage capacity shipped by the industry will increase to
about 2900 exabytes (EB) (1 exabyte = 109 gigabyte) by 2020, up from about 1000 EB in 2015 as
shown in Figure 4.1. In order to meet the demand for the increased storage needs, the hard drive
industry needs to find innovative ways to increase the capacities of hard drives.
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Figure 4.1. The increase in the volume of data shipped by the industry over from 2012 to 2020
( Source: [121]).
The data storage capacities of the hard disk drive can be measured in terms of the areal data density
which has the units of bits/inch2. In the current generation hard disk drives, perpendicular magnetic
recording is the predominant technology for data storage which could allow to reach a maximum
areal data density of about 500 Gbits/inch2 [70]. It is estimated that Shingled magnetic recording
(SMR) and two-dimensional magnetic recording (TDMR) can increase the areal data densities by
5 -10%. However, attempts to increase the areal data density further by reducing the grain size is
constrained due to the super paramagnetic limit of the medium [122]. The superparamagnetic limit
is governed by the magnetic anisotropy of the medium, the grain size of the bits and the thermal
energy of the individual bits and is given by Equation (4.1).
K uV
 70
kbT

(4.1)

where K u is the magnetic anisotropy, V is the volume of the grain, kb is the Boltzmann constant,
and T is the temperature. From Equation (4.1), it is seen that the superparamagnetic limit condition
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can be fulfilled by increasing the magnetic anisotropy of the recording medium. However,
increasing the magnetic anisotropy is also associated with the rise of the required switching
magnetic field of the medium for the write cycle which is not feasible with the current hard drive
head technology. Hence, one must find a proper balance between the thermal stability, writability
and the grain size to successfully scale up the areal data density. Heat assisted magnetic recording
(HAMR) promises to address this issue by raising the temperature of the medium locally [69–71,
123]. It is assumed that HAMR can successfully scale the areal data densities to beyond 1 Tb/inch2.
Figure 4.2 shows the projected growth of the areal data densities over time and the associated
technologies to achieve that growth.

Figure 4.2 The growth of areal data densities over time and the various projected technologies to
meet the areal data density targets (source: [124]).
HAMR technology works on the principle of raising the temperature of the recording medium
locally and temporally. With the rise in temperature of the medium, the coercivity of the medium
decreases sufficiently to allow the magnetic field to write data bits in the recording medium. After
the write process, the medium again cools down to the room temperature, where the medium is
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more thermally stable and the data is stored at the room temperature. Figure 4.3 explains the write
and read process in a HAMR recording medium and the associated coercivity change in the
medium with the change in the temperature.

Figure 4.3. The change read and write process in a HAMR recording medium and the change of
the coercivity of the medium with the change in temperature (taken from [69] © [2008] IEEE).
However, to maintain a high density data storage, the temperature rise in the medium must be
confined to a very tiny volume, less than 50 nm. There have been efforts to use solid immersion
lens (SIL) and parabolic waveguides to reach a spot size less than the diffraction limit of light [125,
126]. However, these techniques can only achieve few hundreds on nanometers of spot size. Since
the required spot size is much less than that, conventional ways to focus light in the medium and
heat it, fails to achieve this resolution. HAMR system uses instead, the plasmonic capabilities of a
metallic nano-antenna, also known as near field transducer (NFT) and utilizes the localized surface
plasmons to concentrate and focus light to such a small volume. An external laser source is
coupled to a waveguide which then transports the incident energy from the laser to the NFT. Figure
4.4 shows the schematic of a HAMR system and the different parts of a light delivery system.
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Depending on the design of the antenna and the required polarization of the light, an intense field
localization near the surface of the NFT is generated. This surface plasmon mediated field
enhancement being a near field phenomenon, the field diverges quickly beyond tens of nanometers.
The disk spacing between the NFT and the recording medium is generally less than 5 nm and
hence, the NFT is able to couple the energy to the recording medium through near field coupling.

Figure 4.4. (A) Schematic of a HAMR head and (B) Different parts of the light delivery system
in a HAMR head (taken from [123]).
In the visible and near infrared wavelength range, metals are generally lossy and hence absorb a
portion of the incident energy. This causes the temperature of the NFT to rise, also known as selfheating of the NFT. The temperature rise of the NFT by more than hundreds of degrees can be
severely detrimental to the functionality of the NFT. At higher temperatures, the materials might
become more lossy, there could be thermal induced deformations and loss of the lubricant layer,
and reliability and thermal fatigue issues could also creep up [127–131]. Hence the temperature
profile of the NFT during the operation of a HAMR system is another critical factor which should
be considered while designing an NFT. In order to address this issue, several strategies have been

64
proposed such as a two stage heating of the recording medium, where the recording medium is
heated to an intermediate temperature by a laser waveguide and in the second stage the NFT heats
up the medium to raise its temperature beyond the Curie point [132]. Instead of using a continuous
wave laser, pulsed laser heating can also serve to lower the temperature rise of the NFT [133].
Section 4.5 and 4.6 discusses some alternate ways to reduce NFT self heating.
Near Field Transducer Design Principles
The design of the NFT, the material properties as well as the working wavelength of light are very
crucial to the performance of the entire system. Typically, near infrared wavelengths (700 – 900
nm) lasers are used to excite the NFTs, primarily due to the excellent plasmonic behavior of many
metals at those wavelengths and the low cost of diode lasers.
From the optical properties point of view, the materials must be able to support localized surface
plasmon resonance (LSPR) to confine and enhance the field intensity. Silver and aluminum can
support localized surface plasmon in the visible region while gold and copper can support it in the
near infrared region. Silver, though is a better plasmonic material at the visible wavelengths and
has better thermal conductivity, is generally not used due to its corrosive nature. Similarly,
aluminum and copper also suffer from corrosion issues and higher losses. Hence, gold has
generally been the preferred choice of material due to its highly negative real part of the dielectric
constant, its high thermal conductivity and chemical stability [123]. A numerical study by
modifying the optical properties of the NFT material can give an idea about the requirements of
the dielectric constant which would provide better coupling to the recording medium and less selfheating. As seen in Figure 4.5(b), a material with a low value of  '' , the imaginary part of the
dielectric constant, has a low self-heating associated with it. However, in order to ensure proper
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confinement of the near field in the recording medium and to have a high coupling efficiency,
generally a higher negative value of  ' is beneficial as shown in Figure 4.5(a) [134, 135].

Figure 4.5. Plot of coupling efficiency and absorption rate of NFT at different
= -20 and (b) Re( ) = -5 (taken from [135]).

Im( )

for (a)

Re( )

Recently, some transition metal nitrides like titanium nitrides, zirconium nitrides have shown to
be very promising plasmonic materials with superior behavior, particularly at higher temperatures
[136, 137].
From the optics point of view, the design of an NFT incorporates several strategies to achieve a
tiny nanoscale optical hot spot with an enhanced field intensity. First of all, the design of NFT is
made resonant at the working wavelength and is excited by the proper polarization of light which
ensures the optimal excitation of localized surface plasmons to focus beyond the diffraction limit
and enhance the field intensity [101, 138]. In addition, sharp features including notches, edges are
introduced in the designs to take advantage of the lightning rod effect. The surface charge
accumulates near the sharp features leading to an increase in the field intensity near the vicinity of
the sharp features. It has been found that the spot size is closely related to the minimum feature
size in the NFT design. Addition of an image plane also helps in the confinement of the spot size
in the recording medium [72]. The NFT design can either be aperture based where the NFT design
is made out from a continuous film of metal or antenna based where the metal structure itself forms
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the NFT. Some of the aperture based NFT design include the bowtie aperture [134, 139], the half
bowtie aperture [139], the C-aperture [50, 139] and the H-shaped aperture [140], while the E
antenna [73, 141], triangular antenna [72], nanobeak antenna [142], the lollipop structure [52] and
the droplet antenna [143] are some examples of the antenna based NFTs. Figure 4.6 shows some
of the models of the antenna and aperture based NFT designs.

Figure 4.6. Schematic of different models of (a) antenna based NFTs and (b) aperture based
NFTs.
Simulation Model – Electromagnetic and Thermal
Full wave 3D electromagnetic simulations were performed using ANSYS HFSS to study the
optical performance of the different NFTs. The several layers in the media stack used in the
simulation model are explained in Figure 4.7.
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Figure 4.7. Simulation models showing the different layers in the media stack for (a) an antenna
based NFT, (b) aperture based NFT and (c) lollipop antenna with a parabolic waveguide.
For the antenna based NFTs, it is assumed that the NFTs were embedded in a glass substrate while
for the aperture based NFTs, a film of gold is considered on top of a glass substrate where the
aperture is fabricated as shown in Figure 4.7(a) and (b) respectively. The media stack consists of
a head overcoat layer made of diamond like carbon (DLC), a lubricant layer, air gap, medium
overcoat layer, storage layer made of FePt, an interlayer made of MgO and a heat sink layer. Table
4-1 shows the thickness and the optical and thermal properties of the different layers of the
recording medium. Except for the lollipop NFT, for the other NFTs, a Gaussian beam of diameter
600 nm was considered to be incident on the NFT assuming a near diffraction limit spot size by
tight focusing through a solid immersion lens or a planar solid immersion mirror [125, 126]. The
polarization was chosen such that it can sufficiently excite the surface plasmons. For the lollipop
antenna, a parabolic waveguide was modeled and two separate wave fronts 1800 out of phase were
assumed to be incident on the entrance face of the parabolic waveguide. Figure 4.7(c) explains the
model and the excitation scheme.
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Table 4-1. Thickness and the optical and thermal properties of the different layers in the
recording medium.

Material

Optical Properties
Thickness
n
k
[nm]

Heat sink

100

Interlayer

Thermal Properties
Vertical
thermal
conductivity
(W/mK)
150

Lateral
thermal
conductivity
(W/mK)
150

Density
x
Specific Heat
(ρ*cp) (J/m3-K)
x106
3.3

10

10

1.9

15

0.2
6
1.7

5.2
8
0

Storage
medium

10

2.9

2.5

7

1.5

3.2

Media
overcoat

2.5

2.3

0

2

2

1.76

Air

2.5

1

0

0.02

0.02

0.001225

Lube

1

1

0

0.02

0.02

0.001225

Head
overcoat

2.5

2.5

0

2

2

1.76

NFT - Au

t

314

2.5

Semiinfinite

4.9
3
0

314

Substrate

0.1
9
1.6
5

1

1

1.8

Depending on the storage medium (FePt) synthesis condition and the wavelength, the real and
imaginary part of the refractive index can vary. For example, near 800 nm, the real part of the
refractive index can vary between 2 – 3.5 while the imaginary part can vary between 2 -3. The
exact refractive index values used in the simulation are mentioned at the beginning of each
subsection.
The absorption in the recording medium and the NFT can be calculated by the power dissipated
according to Equation (4.2)
1
2
q   0 Im   E
2

(4.2)
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where  0 is the free space permittivity,  is the frequency of the light,  is the complex
permittivity of the gold, and | E | is the electric field.
Based on the optical simulation results, subsequent thermal simulations were carried out using
ANSYS Workbench. Transient thermal calculations were performed to capture the temperature
rise of the medium and the NFT. The power absorbed in the recording medium and the NFT per
unit volume was taken as the source term in the heat diffusion equation as shown in Equation (4.3)

c
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T
 (k x
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t x
x y
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z

(4.3)

Equation (4.3) is based on the Fourier’s law which is in general applicable within a given material,
but due to the small dimensions involved in the HAMR media stack, nanoscale heat transfer issues
can come into play. At the interface between two layers, interfacial thermal conductance, G should
be considered which is given by Equation (4.4) [144].

qv  GT

(4.4)

where, qv is the vertical heat flux and T is the temperature difference across two interfaces. An
interfacial conductance of 2 x 108 W/m2-K has been considered between the interlayer-storage
medium and interlayer-heatsink junctions. Also, the heat conduction process in both the NFT head
and the medium depends on the contribution from both phonons and electrons. Within the metals,
the contribution from the electrons is more dominant. The nanosized grains can decrease the mean
free path of the electrons and can suppress the thermal conductivity of the metal and in some
studies a thermal conductivity of 100 W/mK for gold is assumed to account for the nano sized
grains instead of the 314 W/mK for the bulk gold. At the interfaces between metal and dielectric,
phonons can transmit energy and in this case, a two temperature model which takes into account
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the heat transfer g (Te  Tp ) between the electrons at temperature Te and phonons at T p might be
more accurate for temperature simulations. Here g is the electron phonon coupling parameter.
However, the current study is focused on the comparative performance between different designs
and hence for the sake of simplicity, two temperature model or the thermal conductivity of nano
sized grains have not been considered and this does not affect the relative performance among the
different designs with geometric variations.
Radiation boundary condition were considered at the outer faces of the model. The convection
heat transfer coefficient was taken to be 0.17 MW/m2K [145]. However, the convection heat
transfer does not play a significant role in the temperature distribution for unless it is greater than
108 W/m2K [131].
The primary figure of merit that was used for quantifying the optical performance of the different
NFTs is the coupling efficiency which is defined as the power absorbed in the recording medium
within a disk of diameter 70 nm divided by the net incident power on the NFT. In addition, the
spot size in the recording medium are also compared across the different NFTs.
For the thermal calculations, the following figures of merit were considered:
a)

Tmedium
- This denotes the peak temperature rise of the recording medium to the peak
TNFT

temperature rise of the NFT. The temperature rise of the recording medium is calculated at the end
of 1 ns which is typically the time for which a particular region of the recording medium is heated.
The NFT can either be heated in a pulsed mode or can be heated continuously and hence the NFT
temperature is considered both at the end of 1 ns and at the steady state. Accordingly, the two
related figure of merits are given as:

Tmedium
Tmedium
and
. Higher number for this
TNFT |steady_state
TNFT |t=1 ns
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figure of merit indicates greater medium temperature rise for low NFT self-heating which is
beneficial for HAMR application.
b)

Thermal spot size – This is the full width at half maxima (FWHM) of the temperature

profile at the recording medium at the end of 1 ns. The thermal spot size should be as small as
possible for better localization of the temperature rise.
c)

Thermal gradient – The temperature change per unit length is calculated at a location

which is 20 K less than the peak temperature at the recording medium. The thermal gradients are
expressed for both the down track and the cross track direction. The cross track gradient is related
to the track density while the down track gradient determines the linear density of data. Greater
thermal gradients are preferred in the recording medium which will eliminate long thermal tails.
d)

Tmedium
- This denotes the overall thermal efficiency of the NFT system and is given by
Pincident

the temperature rise of the medium per unit incident power.
Optical and Thermal Performance of a Few NFT Designs
The performance of a few NFT designs, namely the triangle antenna, the E-antenna, the lollipop
antenna, the bowtie antenna and the C aperture are described in detail and their relative figures of
merit are compared in this section. The minimum feature size in each of the design is limited to 20
nm based on fabrication consideration and to eliminate undue lightning rod effects for smaller
features. The structures are simulated at wavelength between 700 – 900 nm depending on the
dimensions and the optimum coupling efficiency and it is assumed that the incident power is 5
mW. Wavelength dependent optical constants of FePt are used in the simulation [146].
4.4.1 Triangle Antenna
Figure 4.8(a) shows a triangle antenna with a being the height of the triangle and b being the base
and the thickness is denoted by t. The antenna generates a hot spot at the apex of the triangle when
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excited by a wave polarized along the longitudinal axis. Section 4.6 discusses in detail the
plasmonic modes of the triangle antenna and their relation with the dimensions of the triangle
antenna. An optimized value of a = 150 nm, b = 200 nm and t = 80 nm gives a coupling efficiency
of 2.7% and a spot size of 28 nm x 40 nm. Figure 4.8(b) shows the absorption profile in the
recording medium. It is seen that apart from the single hot spot at the tip of the triangle, there are
two tiny spots near the other two vertices of the triangle. The thermal simulation results are given
in Figure 4.8(c) which shows the temperature profile of the recording medium at the end of 1 ns
while the NFT steady state temperature is shown in Figure 4.8 (d). Due to the high thermal
conductivity of gold, the variation in the NFT temperature is not significant. The figures of merit,
Tmedium
Tmedium
for the triangular antenna is 0.87 while the
is 4.9. For the triangle
TNFT |steady_state
TNFT |t=1 ns

antenna, the value of the figure of merit

Tmedium
is less than 1 which means the NFT at
TNFT |steady_state

steady state heats up more than the recording medium which is not desirable for an NFT. The
thermal spot size is 63 nm x 76 nm; the peak temperature rise of the medium per unit power is 74.5
K/mW. The thermal gradient in the cross-track direction is 3.49K/nm while that for the down track
is 4.6 K/nm.
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Figure 4.8. (a) Dimensions of the triangle antenna, (b) Absorption profile in the recording
medium, (c) Temperature profile in the recording medium at the end of 1 ns and (d) Temperature
of the NFT at steady state.
4.4.2 E Antenna
The E antenna is studied as shown in Figure 4.9(a) with the relevant dimensions. The dimension
of the body of the E antenna controls the resonance condition at a particular wavelength, the notch
helps in achieving higher field intensity through the lightning rod effect, while the wings at the
two sides help in funneling more surface charges to the notch. The minimum spot size in the
recording medium is largely dictated by the width of the notch. Optimized dimension of the several
parameters at wavelength of 850 nm is given by: w = 20 nm, l = 50 nm, p1 = 600 nm, p2 = 316 nm,
q1 = 300 nm and q2 = 186 nm which gives a coupling efficiency of 5.8% and a spot size of 32 nm
x 36 nm and the absorption profile is shown in Figure 4.9(b). The thermal performance is detailed
in Figure 4.9(c) and (d) where the recording medium temperature is shown at the end of 1 ns and
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the steady state NFT temperature is shown respectively. The figures of merit,

the E antenna is 1.83 while the

Tmedium
for
TNFT |steady_state

Tmedium
is 7.42. Here the steady state NFT temperature, unlike
TNFT |t=1 ns

the triangle antenna, is less than the recording medium temperature after 1 ns. The thermal spot
size is 76 nm x 89 nm; the peak temperature rise of the medium per unit power is 124.3K/mW.
The thermal gradient in the cross-track direction is 7.55K/nm while that for the down track is 6.76
K/nm. We see that the E antenna performs better than the triangle antenna in terms of several
figures of merit including the thermal gradient and the thermal efficiency of the NFT system.

Figure 4.9. (a) Relevant dimensions of the E antenna, (b) Absorption profile in the recording
medium, (c) Temperature profile in the recording medium at the end of 1 ns and (d) Temperature
of the NFT at steady state.
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4.4.3 Lollipop Antenna
The lollipop antenna introduced by Challener et al. [52] consists of a circular metallic disc and a
peg attached to it at one side as shown in Figure 4.10(a). The disc can support different resonance
modes such as dipole like, quadrapole like or even higher modes depending on the incident
wavelength and at resonance, these modes facilitate the flow of surface charges to the peg which
provides the lightning rod effect for field enhancement and localization. The dimensions of d =
190 nm, Pl = 20 nm, Pw = 20 nm, t = 35 nm at 830 nm incident wavelength generates a quadrapole
excitation mode in the disc and a coupling efficiency of 3.5% is obtained. This generates a spot
size of 44 nm x 51 nm in the recording medium and the absorption profile in the recording medium
is shown in Figure 4.10(b). Figure 4.10(c) shows the temperature distribution in the recording
medium after 1 ns and a thermal spot size of 65 nm x 71 nm is obtained. We also notice there are
two side lobes present in the recording medium which originate from the parabolic waveguide.
However, the temperature in these side lobes is much less than the temperature at the central hot
spot. Figure 4.10(d) shows the steady state temperature of the lollipop and is seen that the
maximum temperature reaches 625K. The figures of merit,

while the

Tmedium
for this antenna is 1.24
TNFT |steady_state

Tmedium
is 3.34. The peak temperature rise of the medium per unit power is
TNFT |t=1 ns

82.4K/mW. In terms of these figures of merit, the lollipop antenna performs better than the triangle
but not as good as the E antenna. The thermal gradient in the cross-track direction is 3.7K/nm
while that for the down track is 3.14 K/nm.
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Figure 4.10. (a) Relevant dimensions of the lollipop antenna, (b) Absorption profile in the
recording medium, (c) Temperature profile in the recording medium at the end of 1 ns and (d)
Temperature of the NFT at steady state.
4.4.4 Bowtie Aperture
Bowtie aperture is an aperture based NFT which is shown in Figure 4.11(a). It consists of two
triangular arms with a small gap in between them and the relevant parameters which define the
bowtie performance are the outline dimension, x and y, the gap size, g, and the thickness, t. Smaller
the gap size, smaller is the spot size in the recording medium. The gap size is fixed at 20 nm in the
current design. The bowtie aperture acts as a ridge waveguide and the outline dimension defines
the cut-off wavelength of the aperture. At 800 nm wavelength, dimensions of x = 400 nm and y =
400 nm with a thickness of 90 nm generates a coupling efficiency of 3.2% and a spot size of 36
nm x 44 nm and the absorption profile is shown in Figure 4.11(b). Figure 4.11(c) shows the
temperature profile of the recording medium after 1 ns which shows a peak temperature of 676 K
and a spot size of 54 nm x 68 nm. The steady state temperature of the NFT is 310 K, as seen in
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Figure 4.11(d), is much less than the other antenna based NFTs. Due to the high thermal
conductivity of the gold film, the heat generated at the tip of the NFT can dissipate very quickly
leading to a much lower rise in temperature of the NFT. Accordingly, the thermal figures of merit,
Tmedium
Tmedium
is 25.4 and
is 63.5. The peak temperature rise of the medium per unit
TNFT |steady_state
TNFT |t=1 ns

power is 82.8 K/mW and the thermal gradient in the cross-track direction is 4.38 K/nm while that
for the down track is 5.44 K/nm.

Figure 4.11. (a) Relevant dimensions of the bowtie aperture, (b) Absorption profile in the
recording medium, (c) Temperature profile in the recording medium at the end of 1 ns and (d)
Temperature of the NFT at steady state.
4.4.5 C-Aperture
The C-aperture is another aperture based ridge waveguide-like NFT which consists of a rectangular
window in a metal film with a notch for field concentration as shown in Figure 4.12(a). The
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aperture portion resembles the C shape. The C aperture closely resembles the rectangular
waveguide and hence the length and breadth of the aperture are both crucial for generating and
concentrating surface plasmons at the tip of the notch. At 800 nm wavelength, s = 100 nm, r = 250
nm, m = 20 nm, n = 30 nm and thickness of 100 nm gives a coupling efficiency of 2.6% and a spot
size of 32 nm x 34 nm and the absorption profile is shown in Figure 4.12(b). The temperature
profile of the recording medium after 1 ns is plotted in Figure 4.12(c) which shows a peak
temperature of 607 K. The thermal spot size is found out to be 64 nm x 76 nm. Similar to the
bowtie aperture, the steady state temperature is also quite low, 307 K as seen in Figure 4.12(d).
The thermal figures of merit are as follows:

Tmedium
Tmedium
= 26 and
= 28.3. The peak
TNFT |steady_state
TNFT |t=1 ns

temperature rise of the medium per unit power is 67.8 K/mW and the thermal gradient in the crosstrack direction is 4.15 K/nm while that for the down track is 4.4 K/nm.
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Figure 4.12. (a)Relevant dimensions of the C-aperture, (b) Absorption profile in the recording
medium, (c) Temperature profile in the recording medium at the end of 1 ns and (d) Temperature
of the NFT at steady state.
Table 4-2 and Table 4-3 summarize the optical figures of merit and the thermal figures of merit
for different NFT designs, respectively.
Table 4-2. Optical figures of merit for NFTs
NFT Design
Triangle antenna
E antenna
Lollipop antenna
Bowtie aperture
C-aperture

Coupling Efficiency
2.7%
5.8%
3.5%
3.2%
2.6%

Optical spot size
28 nm x 40 nm
32 nm x 36 nm
44 nm x 51 nm
36 nm x 44 nm
32 nm x 34 nm

From Table 4-2, we find that the E antenna is one of the best in terms of the coupling efficiency
into the recording medium and there is not much difference in the optical spot sizes for the different
designs except for the lollipop antenna which has a slightly bigger spot size. For the lollipop
antenna, the spot size depends on both the peg width and the thickness of the metal film. While
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the peg width is fixed at 20 nm, the film thickness of 35 nm was considered which gives a higher
coupling efficiency but at the same time also increased the spot size. As mentioned earlier, from
Table 4-3, we see that aperture based NFTs like the bowtie aperture and the C-aperture perform
much better when the figure of merit

Tmedium
is considered since the heat can quickly diffuse over
TNFT

a larger area within the metal film leading to a low rise in the NFT peak temperature.
Table 4-3. Thermal figures of merit for NFTs.

Tmedium
TNFT

NFT Design

Triangle antenna

NFT
temp
at 1
ns
4.9

NFT
temp at
steady
state
0.87

E antenna

7.42

1.83

Lollipop antenna

3.34

1.24

Bowtie aperture

63.5

25.4

C-aperture

28.3

26

Thermal
spot size

63 nm x
76 nm
76 nm x
89 nm
65 nm x
71 nm
54 nm x
68 nm
64 nm x
76 nm

Temperature
rise per unit
power

74.5 K/mW
124.3 K/mW
82.4 K/mW
82.8 K/mW
67.8 K/mW

Thermal gradient

Crosstrack

Down
track

3.49
K/nm
7.55
K/nm
3.7
K/nm
4.38
K/nm
4.1
K/nm

4.6
K/nm
6.46
K/nm
3.14
K/nm
5.44
K/nm
4.4
K/nm

However, from the practical point of view, the magnetic write pole also needs to be incorporated
near the NFT head which provides the required magnetic field during the write and the read cycle.
The placement of the magnetic pole in a continuous film based NFT might be challenging and
needs to be addressed to exploit the benefits of having an improved figure of merit of

Tmedium
. It
TNFT

can also be observed that the trend of the temperature rise per unit power is very closely related to
the coupling efficiency across the different designs. The differences in the thermal spot size is
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related to both the optical spot size and the shape of the spot. The anisotropic thermal conductivity
of the recording medium (in plane thermal conductivity – 1.5 W/mK, out-of-plane thermal
conductivity – 7 W/mK) helps in restricting the diffusion of the heat laterally and more heat is
diffused in the vertical direction which helps in ensuring a smaller spot size in the recording
medium. This also affects the thermal gradient values.
Modified NFT Geometry – Introduction of a Taper
It has been previously demonstrated that in the case of bowtie apertures as a plasmonic antenna,
introduction of a tapered side wall in place of a straight wall results in a higher field concentration
and a sub 20 nm spot size [114]. The E antenna is studied and in order to potentially improve the
performance as an NFT, the introduction of tapers in several configurations in order to increase
the field concentration at the tip of the notch is explored.
Figure 4.13 (a) and (b) show the isometric view and the cross sectional side view, respectively of
an E antenna with a straight walled notch. Figure 4.13 (c) shows the cross sectional view of a NFT
derived from the E antenna having a taper in the notch outwards along the x axis, which is denoted
by the angle  in the figure, which we call as negative  . (d) Figure 4.13 shows a similar taper,
but pointing inwards along the x axis which is also denoted by the angle  called as positive  .
Figure 4.13 (e) shows a taper along the y direction, denoted by the angle  in the figure which
gives rise to a notch having a wider base at the bottom than at the top.
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Figure 4.13. (a) Isometric view of an E antenna with straight notch. Cross-sectional zoomed in
isometric views of the NFTs with different notch geometries, (b) standard E antenna with notch
having straight side walls, (c) E antenna with notch wall tapered outside along x direction (taken
from [141]).
The E antenna is considered with the following dimensions as illustrated in Figure 4.14.

Figure 4.14. E-antenna with the relevant dimensions labeled.
The body dimension is given by a = 316 nm, b = 114 nm, wing dimensions, p = 142 nm, q = 300
nm and the notch dimension at the air bearing slider side l = 50 nm, w = 12 nm. The thickness of
the E antenna was considered to be 85 nm and the refractive index of the storage medium was
taken to be n = 2.9 and k = 2.5. For the straight notch, the calculated optical coupling efficiency is
2.8%.

83
Figure 4.15 shows the variation of the coupling efficiency with the angle  for the NFT designs.
Both positive and negative values of  are considered and  is kept constant at 00. It is found that
increasing the taper angle along the negative  improves the coupling efficiency to a maximum of
4.5% and then decreases sharply when the angle is increased further. The increase in the coupling
efficiency can be attributed to the change in the resonance condition of the NFT due to its change
in geometry. Due to the addition of the taper by modifying the angle  , the length of the notch
becomes different in the top side and the bottom side. For example, at an angle of  = -90, which
corresponds to a peak in the coupling efficiency shown in Figure 4.15, the length of the notch at
the top is the nominal value of 50 nm while the length of the notch at the bottom becomes 37 nm.
The length significantly influences the resonance modes in a plasmonic structure [147].

Figure 4.15. Coupling efficiency with variation of taper angle (  )(taken from [141]).
Next the effect of variation of the taper angle,  is studied by keeping the taper angle,  constant
at 00. Figure 4.16 shows the change of the optical coupling efficiency with the taper angle (  ),
and it is found that the coupling efficiency rises sharply to 7.1% and then drops off slowly.
Changing the taper angle  alters the width of the notch between the top and the bottom and thus
modifies the resonant condition. Also, at the same time, increasing the angle  widens the base
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of the notch, which helps in collecting more charge from the base and funneling it to the tip. This
in turn, increases the field concentration at the tip of the notch and causes a sharp rise in the
coupling efficiency. The thickness of the film also governs the Fabry-Perot resonance condition
which helps in generating the hotspots near the top and bottom of the notch. Increasing the taper
angle too much affects this Fabry-Perot type resonance condition between the top and bottom of
the notch and ultimately decreases the coupling efficiency.

Figure 4.16. Coupling efficiency with variation of taper angle (  )(taken from [141]).
The effect of varying both the taper angles,  and  simultaneously is also studied and the
coupling efficiency versus both taper angles is shown in Figure 4.17. It is seen that with a slight
change in  from 00 to 60, the increase in coupling efficiency is very prominent due to the notch
having a wider base. When combined with the modification in  we find that, with a value of  =
60 and  = 60, the coupling efficiency reaches to a maximum of 8.1%.
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Figure 4.17. Coupling efficiency with variation of both the taper angles (  ) and (  )(taken from
[141]).
Figure 4.18 shows the comparison of the absorption profile in the recording medium for an E
antenna with a straight notch and a tapered notch with optimized dimensions of  = 60 and  =
60. It is seen from Figure 4.18(a) and (b) that the peak absorption in the recording medium is 5
times higher in the case of the tapered notch. The increase in the peak absorption is related directly
to the increase in the coupling efficiency.

Figure 4.18. Absorption profile in the recording medium for (a) E antenna with straight notch,
(b) E antenna with tapered notch (taken from [141]).
From the cross sectional views in Figure 4.19(a) and (b), it is seen that in the case of straight notch,
there are two hotspots, one at the base of the notch and one at the top of the notch. Since the feature
size of the notch at both the top and the bottom is similar for the straight notch, both of these
location generate hotspots of comparable intensity. The bottom hotspot is unwanted since it
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contributes to undesired self-heating of the NFT. On the other hand, having a tapered notch widens
the base of the notch which reduces the charge concentration of the base and weakens the hotspot.
Next the results of thermal simulation are presented for the straight notch and the tapered notch
which has a taper angle of  = 60 and  = 60 which gives the maximum coupling efficiency
according to Figure 4.17.

Figure 4.19. Cross sectional field plot of (a) E antenna with straight notch and (b) E antenna with
tapered notch (taken from [141]).
Figure 4.20(a) and (b) show the temperature distributions in the recording medium at end of 1 ns
for the E antenna with straight and tapered notch respectively. If we consider an estimate of 50 nm
spot size in the recording medium and velocity of the media stack as 50 m/s, then approximately,
each position in the recording medium remains heated for about 1 ns and temperature in the
recording medium is presented at the end of 1 ns. The temperature of the recording medium rises
to 1,224 K for the tapered notch compared to 595 K for the straight notch after 1 ns. It should be
noted here that the incident laser power was assumed to be 10 mW and the peak temperature rise
scales linearly with the increase in incident power.

Figure 4.20. Temperature field in the recording medium for (a) E antenna with straight notch and
(b) E antenna with optimized tapered notch after 1 ns (taken from [141]).
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Figure 4.21 shows the temperature rise of the straight and tapered NFTs with respect to time. It is
seen that the NFTs reach a steady state temperature well within 200 ns. The maximum rise in
temperature of the NFTs depend on several factors such as the total power absorbed by the NFTs,
the volume of the NFTs and the material of the NFTs.
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Figure 4.21. Temperature increase vs. time of the two NFTs, straight and tapered (taken from
[141]).
Figure 4.22(a) and (b) show the temperature profile in the E antenna with the straight and tapered
notch respectively at the steady state. It is seen that the maximum temperature reaches 568 K for
the E antenna with the straight notch while it is marginally greater, 597 K for the E antenna with
the tapered notch. The maximum temperature for the straight notch appears at the bottom of the
notch where the incident laser strikes the NFT. On the other hand, in case of the tapered notch, the
maximum temperature is at the top of the notch, near the air bearing surface (ABS) of the E antenna.
Having a wide base for the tapered notch helps dissipating the heat from the base of the notch and
the temperature rise at the bottom of the notch is lower. The pyramidal shape of the notch helps in
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increasing the conduction path of the notch and acts a better heat sink which helps in the reduction
of the maximum NFT temperature.

Figure 4.22. Temperature fields for NFTs for (a) E antenna with straight notch and (b) E antenna
with optimized tapered notch at the steady state.
Table 4-4 summarizes the comparison of the various figures of merit for the straight notch and
tapered notch E antennas. It should be noted that the values of the thermal figures of merit for the
E antenna with the straight notch are marginally different from the values given in Table 4-3. This
is due to the slightly different optical properties of the storage medium used in the simulations and
different dimensions of the E antenna. From the tabular data, it is seen that the tapered notch
performs significantly better for all figures of merit. The ratio of the temperature rise in the medium
to the NFT is 2.8 times better for the tapered notch which means that the temperature rise in the
tapered notch NFT would be much smaller in order to raise the temperature of the recording
medium to a particular value. The thermal spot size is 54 nm x 57 nm for the tapered notch whereas
the spot size is 150 nm x 81 nm for a straight notch of similar notch dimensions. Similarly, the
thermal gradient in the recording medium is about 3 times higher for the tapered notch in both
cross and down track directions which ensures lower thermal tail. We also note that for the straight
notch NFT, the temperature of the medium increases by 30 K per mW of incident laser power
while it is about 93 K per mW for the tapered notch NFT. Hence, by the suitable design of a tapered
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side wall, the thermal performance can be significantly enhanced leading to lower NFT selfheating.
Table 4-4 Thermal figures of merit for E antenna with a straight notch and a tapered notch.
Thermal figures
of merit

E antenna with straight notch
( = 00, 00 )

Tmedium / TNFT

1.09

E antenna with tapered
notch
( = 60,  = 60)
3.07

150 nm x 81 nm

54 nm x 57 nm

2.6 K/nm in cross track
2.5K/nm in down track

7.2 K/nm in cross track
8.5 K/nm in down track

30 K/mW

92.9K/mW

Thermal spot
size at FWHM
Thermal gradient
( measured at
20K temperature
difference from
the peak
temperature in
the medium)
Normalized peak
temperature,

Tmedium / Pincident
ΔTpeak inmedia
Incidentpower

Effect of Change of Working Wavelength
In most of the HAMR studies, a semiconductor diode laser working in the wavelength range 700
nm to 900 nm has been generally used as the source of heat, mostly due to the low cost availability
of lasers in this wavelength range and excellent plasmonic behaviors of many metallic materials.
However, using a laser source in the longer IR wavelength range can also have some intrinsic
advantages since the absorptivity of materials like gold reduces significantly at longer wavelengths
and can provide an alternate way of reducing the temperature rise of the NFT. Besides, in the
longer wavelength range, the real part of the dielectric constant of metals becomes more negative
and thus metals can behave more plasmonically giving higher field enhancement. We particularly
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focus on 1550 nm wavelength in the long IR range since 1550 nm is the telecommunication
wavelength and lasers are widely available. Figure 4.23(a) shows the absorptivity of gold versus
wavelength while Figure 4.23(b) shows the absorptivity of the recording medium made of FePt
versus wavelength. The absorptivity data is calculated from the optical constants at different
wavelengths. The gold optical constants are taken from ref. [148] and the wavelength dependent
FePt optical constants are taken from ref. [146]. It is seen from Figure 4.23 that, the absorptivity
of gold decreases by about 300% as we move from 800 nm to 1550 nm while the absorptivity of
FePt decreases by only 20%. Hence, we expect an appreciable decrease in NFT self-heating at
longer wavelengths.

Figure 4.23. Absorptivity versus wavelength plots for (a) Au and (b) recording medium (FePt).
We first study the spectral response of a triangular antenna with dimensions as shown in Figure
4.24(a): a = 150 nm, b = 150 nm and t = 80 nm where t is the thickness of the NFT. Figure 4.24(b)
shows the plot of coupling efficiency of the NFT as a function of wavelength. It is seen that there
are two resonant peaks associated with the triangle NFT, one at 750 nm and another at 1150 nm.
The origin of the different peaks can be attributed to two different plasmonic modes which get
excited in the triangle antenna at different wavelengths.
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Figure 4.24. (a) Geometry of the triangle NFT with the relevant dimensions, (b) plot of the
coupling efficiency of the NFT versus wavelength.
Figure 4.25(a) and (b) show the electric field profile at the recording medium surface
corresponding to the two different peaks at 750 nm and 1150 nm. The electric field profile
corresponding to 750 nm has only one region of field concentration near the tip of the antenna. On
the other hand, the higher order plasmonic mode at 1150 nm has an additional charge concentration
near the base of the triangle, shown in Figure 4.25(b). The cross sectional electric field view for
750 nm and 1150 nm in shown in Figure 4.26(a) and (b) respectively. The mode observed in Figure
4.26(a) is similar to a Fabry-Perot type of resonance mode where the electric field is maximum at
the top and bottom of the antenna tip and reaches a minimum near the middle of the thickness
[149]. On the other hand, the electric field as seen in Figure 4.26(b) does not vary significantly
along the thickness of the antenna.
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Figure 4.25. (a) Electric field plot at the surface of the recording medium at 750 nm and (b)
Electric field plot at the surface of the recording medium at 1150 nm.

Figure 4.26 (a) Cross-sectional electric field plot at 750nm and (b) Cross-sectional electric field
plot at 1150nm
Next the plasmonic modes of the triangle NFT is studied by varying the dimensions of the triangle,
a and b. Figure 4.27(a) shows the coupling efficiency as a function of wavelength when the height,
a, of the triangle is varied. It is found that with the increase in height, the position of the resonance
peak moves towards the higher wavelength. The lower order resonance peak near 800 nm redshifts
slowly while the position of the higher order resonance peak is more sensitive to the change in
height. It is known that in a nanoparticle, when the polarization of the incident light is along its
longer axis, with the increase in the length of the nanoparticle, the resonance peak shifts towards
a longer wavelength [149]. We observe a similar effect in the triangular nanoantenna. The next
set of figures Figure 4.27(b) - (d) shows the effect of change of resonance wavelength by changing
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the base of the triangle, b. Figure 4.27(b) shows the coupling efficiency as a function of wavelength
when the height, a of the triangle is varied for a fixed b = 200 nm, Figure 4.27(c) for a fixed b =
300 nm and Figure 4.27(d) for fixed b = 400 nm.

Figure 4.27. Plot of the coupling efficiency versus wavelength for various dimensions of the
triangle antenna. (a) b = 150nm and a is varied, (b) b = 200nm and a is varied, (c) b = 300nm and
a is varied and (d) b = 400nm and a is varied.
It is observed that change in b does not significantly shift the resonance position, and higher values
of b reduce the coupling efficiency. From these studies it is possible to choose a dimension of the
triangular NFT which can work at a specified wavelength with maximized efficiency.
For further comparison, we choose two designs, one resonant at 800 nm (dimensions: a = 150 nm,
b = 200 nm, t = 80 nm) with a coupling efficiency of 2.7% and another resonant at 1550 nm
(dimensions: a = 220 nm, b = 150 nm, t = 80 nm) with a coupling efficiency of 2.6% and assess
their performances. It is found that with the increase in wavelength to 1550 nm, the optical spot
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size in the recording medium increases to 42 nm x 52 nm compared to 28 nm x 40nm at a
wavelength of 800 nm. The increase in spot size is primarily related to the increased wavelength.
The absorption percentage for the NFT at 800 nm is 9.1%, compared to 2.6% for the NFT at
1550nm, which shows a significant reduction in the power absorbed by the NFT at longer
wavelengths that can benefit the thermal figures of merit.
The temperature profile of the recording medium at the end of 1 ns is shown in Figure 4.28(a) and
(b). Figure 4.28(a) shows the temperature profile of the recording medium when the working
wavelength is 800 nm and Figure 4.28(b) shows the temperature profile for that at 1550 nm. It is
seen that the temperature rise in the medium is almost similar due to the coupling efficiency being
almost the same. The slightly higher temperature in the medium at 800 nm can be attributed to the
fact that the peak temperature is dependent on the peak absorption in the medium, which is higher
for 800 nm than 1550 nm as shown in Figure 4.29(a).

Figure 4.28. Temperature plot of the recording medium at the end of 1 ns for (a) triangle NFT of
dimensions a = 150 nm, b = 200 nm, t=80 nm and operating at 800 nm and (b) triangle NFT of
dimensions a = 220 nm, b = 150 nm, t=80 nm and operating at 1550 nm.
The full width at half maxima (FWHM) thermal spot size at the recording medium is 63 nm x 76
nm at 800 nm while it is 97 nm x 108 nm at 1550 nm. The increase in thermal spot size is primarily
related to the increased optical spot size at 1550 nm. In the longer wavelength regime, the surface
plasmon wavelengths also increases and so the spot size which depends on the surface plasmon
wavelength becomes bigger. Figure 4.29(b) shows the temperature rise of the NFTs for 800 nm
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and 1550 nm up to the steady state. The NFTs reach a steady state temperature within about 100
ns. However, it can be seen that the maximum steady state temperature rise for the NFT at 800 nm
is 390 K while the maximum temperature rise at 1550 nm is only 148 K. Thus the thermal figure
of merit ( Tmedium / TNFT ) at 800 nm is 0.87 while that at 1550 nm is 2.09, about a 2.38 times
increase.

Figure 4.29. (a) Absorption profile in the recording medium at 800 nm and 1550 nm and (b)
temporal temperature rise of the NFTs operating at 800 nm and 1550 nm respectively.
We also explore the performance of an E antenna at two different wavelengths and compare their
optical and thermal performance. Figure 4.30 shows the wavelength dependence of the coupling
efficiency for two different E antenna designs, one resonant at 850 nm and another at 1550 nm.
The E antenna, resonant at 850 nm, which is denoted in Figure 4.30 as design (I), has the
dimensions of w = 20 nm, l = 50 nm, t = 100 nm, a = 316 nm, b = 114 nm, p = 142 nm and q =
300 nm while the E antenna resonant at 1550 nm and denoted as design (II), has the dimensions
of w = 20 nm, l = 80 nm, t = 125nm, a = 750 nm, b = 100 nm, p = 225 nm and q = 200 nm. The
schematic of the E antenna with the relevant dimensions was explained previously in Figure 4.14.
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Figure 4.30. (a) Schematic of an E antenna with the relevant dimensions, (b) Spectral
dependence of the coupling efficiency of the E antenna for two different designs, one resonant at
850nm and another resonant at 1550nm.
It is found that the maximum coupling efficiency at 850 nm is 5.8% while it is 3.8% at 1550 nm.
From Figure 4.30, we see that for each E antenna design, there are two peaks corresponding to a
Fabry-Perot mode of resonance and a higher order mode of resonance. The resonance mode at 850
nm for the design (I) corresponds to the Fabry-Perot mode and the higher order mode is at 1200
nm. On the other hand, the resonance mode at 1550 nm for the design (II) corresponds to the higher
order mode and a small peak corresponding to the Fabry-Perot mode is seen at 900 nm. Figure
4.31(a) shows the recording medium temperature after 1 ns for the two designs of the NFT and
Figure 4.31 (b) shows the steady state temperature of the NFT at 850 nm and 1550 nm. For the
same incident power, the temperature rise in the medium is 1.4 times more at 850 nm than at 1550
nm due to the higher coupling efficiency. However, at the same time, the peak temperature rise for
the NFT at 850 nm is 3.39 times higher than that at 1550 nm. The thermal figure of merit for the
NFT at 1550 nm is 4.33 versus 1.83 for the NFT at 850 nm. The thermal spot size (FWHM) at
1550nm is 75 nm x 88 nm while that at 850 nm is 76 nm x 89 nm. In an E-antenna, the thermal
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spot size depends both on the working wavelength as well as the dimension of the notch. Since the
width, w of the notch is same for both the designs, the corresponding thermal spot size also does
not vary significantly between the two wavelengths.

Figure 4.31. (a) Temperature rise of the recording medium at the end of 1 ns for the two different
E antenna NFTs and (b) The steady state temperature rise of the NFTs for the two different
designs.
Effect of Temperature Dependent Optical Properties of NFT Material
In the previous simulation models, it was assumed that the optical properties of gold remained
constant with temperature. However, it has been found through experiments and temperature
dependent measurement of optical properties of gold, there is a considerable change in the optical
properties with temperature [129]. Depending on the crystalline nature of gold and the thickness,
the real and imaginary parts of the permittivity can show a significant variation. Gold specially
becomes more lossy at higher temperature and hence can absorb more heat as the temperature of
the NFT increases close to 5000 C. Also, repeated heating cycle of the NFT can degrade the optical
quality of gold as shown in Figure 4.32(a) and (b).
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Figure 4.32. (a) Real part of the permittivity of poly crystalline gold of 50 nm thickness and (b)
Imaginary part of the permittivity of poly crystalline gold of 50 nm thickness measured before
and after heating (from [129]).
Hence, it is important to take into the account the optical properties of gold at higher temperature
and calculate the modified figures of merit. For this purpose, the triangle antenna which is resonant
at 800 nm is used as the NFT and the optical and thermal calculations are done using the room
temperature properties of gold and that at elevated temperature (considered as 5000C here, since
the steady state temperature of the NFT can reach close to 5000C). The room temperature dielectric
constant of gold is considered to be -24.8 + 1.736i while that at 5000C is considered to be -24.77
+ 3.84i (calculated from Table 8 of ref [129]). The imaginary part of the dielectric constant at
5000C increases by more than double the value at room temperature.
It is found from the optical simulation results that the coupling efficiency changes from 4% to 3.3%
when the optical properties of gold are considered at higher temperatures, and at the same time,
the NFT absorption changes from 13.9% to 18.2% as expected due to the increase in the imaginary
part of the of the permittivity at higher temperature. Accordingly, it is seen that the maximum rise
in temperature of the recording medium is slightly more when considering the room temperature
properties due to higher coupling efficiency but the temperature rise of the NFT is 1.3 times more
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when the optical properties of gold at elevated temperature is considered. The thermal figure of
merit,

Tmedium
decreases from 0.91 to 0.56. The results are summarized in Table 4-5.
TNFT

Table 4-5. Comparison of the results between room temperature dielectric constant and high
temperature dielectric constant of gold.

Coupling efficiency
NFT absorption
Maximum temperature rise of
the medium after 1 ns
Steady state temperature rise
of NFT

Tmedium
TNFT

Gold properties taken at room Gold properties taken
temperature
5000C
4%
3.3%
13.9%
18.2%
507 K

415 K

554 K

733 K

0.91

0.56

Thus, from these results it is seen that room temperature properties of gold inflate the

at

Tmedium
TNFT

thermal figure of merit by 38% and the effect of high temperature dielectric constants should be
considered in the calculations for better accuracy.
On the other hand, transitional metal nitrides like TiN have been shown to have lesser degradation
of optical properties at higher temperatures. Hence, at higher temperatures, the performance of an
NFT made of TiN should be comparable to its room temperature performance [150]. 200 nm TiN
at room temperature has a dielectric constant of -12.27 + 4.9i and that at 5000C is -12.67 + 7.05i
(taken from supplementary table S1 of ref [150] ). The imaginary part of the dielectric constant
only changes by 43% from room temperature to 5000C.
The optical and thermal performance of the triangle antenna of the same dimension is calculated
by considering the optical properties of TiN at room temperature and at 5000C and tabulated in
Table 4-6. It is seen that the variation in the figures of merit, between the room temperature
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properties and high temperature properties is much less for TiN than that for gold and hence, the
performance of the NFT will not change much even at higher temperatures. It should be noted here
that even though the figure of merit,

Tmedium
is low, optimization of the dimensions of the NFT
TNFT

or a different design may improve the value of the figure of merit and the results shown here are
comparative performance of TiN at room temperature and higher temperature.
Table 4-6. Comparison of the results between room temperature dielectric constant and high
temperature dielectric constant of TiN.

Coupling efficiency
NFT absorption
Maximum temperature rise of
the medium after 1 ns
Steady state temperature rise
of NFT

Tmedium
TNFT

TiN properties taken at room TiN properties taken at 5000C
temperature
1%
1.1%
34.1%
35%
143 K

171 K

985 K

935 K

0.14

0.18

Temperature Measurements of Bowtie Apertures
In this section, some experimental temperature measurement results are shown for an array of
bowtie apertures. The temperature measurements were done by Sami Alajlouni from Prof.
Shakouri’s group and were done by the method of time domain thermoreflectance (TDTR). TDTR
is a widely popular method for measuring the temperature, the thermal properties of material,
specifically thin films. For this purpose, bowtie apertures were made in a gold film of thickness
60 nm and the dimensions of the bowties were 120 nm as shown in Figure 4.33(a). The fabricated
array of bowtie apertures is shown in Figure 4.33(b). The TDTR setup consisted of an 825 nm
pump laser which excited the plasmonic response of the bowtie apertures. Due to the heat
generation in the bowtie apertures under the effect of the incident laser radiation, the temperature
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of the sample increases which causes a change in the reflectivity of the gold film. The change in
reflectivity was detected by a pulsed LED green light (532 nm) through a CCD camera. The spatial
intensity of the captured image into the CCD camera depends on the reflectivity of the sample and
thus is related to temperature of the sample. The relative change in reflectivity of the sample is
proportional to the change in temperature and is given by
R
 CTh T
R

(4.1)

Where, CTh is the thermoreflectance coefficient, R is the reflectivity and T is the temperature.
Calibration of the reflectivity of the sample with a known rise in temperature can help in getting
thermoreflectance coefficient which helps in calculating the absolute value of the temperature rise
under the effect of the incident laser beam. Details of the experimental setup has been described
by Maize et al. [151]. Calibration results with a gold film indicate a thermoreflectance coefficient
of -2.5x10-4/K. With a proper combination of the resolution of the CCD and averaging, ∆R/R as
low as 3x10-6 can be measured which brings the resolution of the system close to 10 mK [152].
Figure 4.34 shows the CCD image of the sample and the corresponding temperature map of the
sample under the effect of the illumination laser.
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Figure 4.33. (a) Bowtie aperture with the dimensions and (b) SEM image of the array of the
bowtie apertures.

Figure 4.34. (a) CCD image of the sample under white light. (b) Temperature map of the sample
under the illumination of the 825 nm laser.
The performance of bowtie apertures depends on the polarization of the incident light; when the E
field is along the arms of the triangular tips, intense hotspot and higher heat generation will occur
when compared to the case where the E field polarization is 900 rotated. Hence, when the
polarization of the incident light is changed, it should translate to a change in the temperature of
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the bowtie apertures. Experimentally, the polarization of the incident light was changed with
respect to the sample and the temperature of the sample was noted. It was found that when the
polarization angle of 00 or 1800 which corresponds to the direction of E field along the triangular
tips of the bowtie aperture, the temperature was maximum reaching about 6 - 70C at the steady
state while when the polarization angle was rotated by 900, the temperature was lesser to about
4.50C. In contrast, the temperature rise of the bare sample without any bowtie apertures was 3 0C.
Thus, this experiment shows that the due to the presence of bowtie aperture with the proper
polarization of the incident light, the average temperature rise can be double to that of the planar
sample without any structures. The results are summarized in Figure 4.35.

Figure 4.35. Temperature of the bowtie apertures as a function of polarization angle.
It should be noted here that this method shows only the average temperature of the heating region
due to the presence of the illuminating laser whose estimated spot size is close to 1 m. It is
expected that the peak temperature at the tips of the bowtie apertures would be significantly higher
than the temperature measured here.

104
Using a Split Ring Resonator as a NFT
4.9.1 Introduction
In this section, we explore the use of a split-ring resonator (SRR) type of nanostructure for the
purpose of generating a nanoscale hot spot. SRRs have been studied extensively for their unique
capability of generating a magnetic resonance and can be used for creating materials with negative
refractive index [153, 154]. SRRs have the advantage that they have a very small size at the
resonance condition [155].
SRRs can either be single loop or double loop. The single loop SRR consists of a metallic ring like
structure with a small gap between the ends of the ring as shown in Figure 4.36(a). The small gap
acts as the capacitive portion of the resonant circuit with a capacitance C while the metallic ring
gives rise an inductive portion of the circuit with an inductance L. The equivalent LC circuit
representation is shown in Figure 4.36(b). On the other hand, the double loop SRR consists of two
ring like structures with a single gap between the two arms as shown in Figure 4.36(c) while the
equivalent LC circuit representation shown in Figure 4.36(d) has got two inductive loops and a
single capacitive portion. The frequency of this LC-circuit resonance of the SRR depends on the
inductance and the capacitance of the structure and is given by f 

1
. The LC-circuit
LC

resonance is defined by a single oscillating current along the loops of the SRR. Near the resonance,
there is a strong electric field across the capacitive gap of the SRR structure which gives rise to a
strong field enhancement. When combined with the effect of the small gap between the two arms
of the SRR, an enhanced and focused hot spot is formed between the gap of the SRR. Apart from
the LC-circuit resonance, other plasmon resonances are also observed depending on the
dimensions of the SRR geometry.
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Figure 4.36. (a) Schematic of a single loop split ring resonator nanostructure, (b) the equivalent
LC circuit, (c) double loop SRR and (d) equivalent LC circuit of (c).

4.9.2 Excitation of Different Resonant Modes of a Split Ring Resonator
Initial experiments on the SRR structures demonstrated its capability to support magnetic
resonances and negative permeability in the GHz range following the work of Pendry [154] and
subsequently resonances have been demonstrated in the 100 THz regime and even in the visible
spectral range [153, 156, 157]. One of the primary ways for the excitation of the LC resonance
mode is ensuring that the magnetic field vector H, is perpendicular to the plane of the SRR loop
as shown in Figure 4.37(a) and (b). However, LC resonance mode can also be excited if the electric
field vector E, of the incident light is pointed across the gap between the two arms of the SRR as
shown in Figure 4.37(b) or (d), which introduces an oscillating current around the SRR loop [153,
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158]. This electric excitation of the SRR can not only couple to the LC circuit resonance mode but
also can couple to other plasmonic modes depending on the geometric dimensions of the SRR.
However, if the H vector is in the plane of the SRR and the E vector is aligned across the gap of
the two arms of the SRR as shown in Figure 4.37(c), then the LC circuit resonant mode cannot be
excited. For an SRR structure, all the dimensions such as the gap width, g, the horizontal base
length, lx as well as the vertical arm length, ly are important in coupling to any particular resonant
mode at different wavelengths [159]. Figure 4.38(a) shows the relevant dimensions of a single
loop SRR. In the subsequent section, the wavelength dependence of the different resonance modes
of a SRR with the variation in the dimensions of the SRR will be discussed.

Figure 4.37. Possible electric and magnetic field propagation directions and polarizations (taken
from [158]).

4.9.3 Design and Simulation of SRR for HAMR
The potential of using an SRR as an NFT for a HAMR system is explored in this section. In the
context of a HAMR system, the spot size is largely dependent on the gap between the two arms of
the SRR ring and the different resonant modes in the SRR NFT give rise to varied coupling
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efficiency at different wavelengths. The electromagnetic simulation model and the optical figures
of merit considered is similar to what was described in section 4.3. We assume a 600 nm diameter
Gaussian beam incident on the NFT and the coupling efficiency into the recording medium was
calculated by the ratio of the power absorbed in the recording medium in a disk of diameter 70 nm
to the incident power. We consider both a single loop SRR and a double loop SRR. In this case,
the E field is pointed across the arms of the SRR antenna and hence the resonance modes are
excited by the electric excitation as shown in Figure 4.37(d).
4.9.3.1 Resonant Modes of a Single Loop SRR
The relevant dimension of a single loop SRR is shown in Figure 4.38(a). The gap, g is kept fixed
at 20 nm. The width of the arms of the SRR, w is 30 nm and the length of each of the arms, lx and
ly is 90 nm and the thickness of the gold film is considered to be 60 nm. A fillet of radius 5 nm is
assumed at the sharp corners of the arms of the SRR. The dimensions of the SRR are chosen such
that two resonance peaks are observed in the range between 600 nm and 1700 nm. Two resonance
peaks, one near 800 nm and other near 1550 nm are observed in Figure 4.38 (b). The two peaks
correspond to two different resonance modes supported by the NFT. The origin of the resonance
modes can be explained from the plots of the electric field profile at the recording medium, the
current density at the surface of the NFT and the out of plane magnetic field corresponding to these
resonances.
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Figure 4.38. (a) Schematic of a single loop SRR showing all the relevant dimensions and (b) plot
of coupling efficiency versus wavelength for the SRR.
The plots of Figure 4.39(a) – (c) correspond to the resonance mode at 1550 nm. From the electric
field plot in Figure 4.39(a), it is seen that there is only a single hotspot at the gap between the two
arms of the SRR. Figure 4.39(b) shows the current density and vector at the NFT surface. The
white arrow in the figure shows the movement of the surface charges along the top surface of the
NFT and we see that the surface current moves in a single loop. Figure 4.39(c) shows the out of
plane H field component and it is seen that there is a strong concentration of the H field in the
central gap of the SRR. Thus a strong coupling of the magnetic field to the SRR structure is
observed in this mode which is a characteristic of the LC circuit mode and hence this resonance
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mode can be called as the LC circuit resonance mode. On the other hand, Figure 4.39(d) – (f)
correspond to a plasmonic resonance condition at 800 nm where in addition to the strong hotspot
at the gap of the two arms, there are also field concentration near the two ends of the base of the
SRR. This can be understood by looking at the surface current vector plot in Figure 4.39(e). In this
plasmonic resonance mode, it can be seen that the surface charges actually follow a complex path
on the surface of the SRR. There is a portion of the charge that flows across the base of the
horizontal base of the SRR and creates a dipole like charge concentration which is similar to a
plasmonic mode. This causes two additional hot spots at the ends of the horizontal base. Besides,
the surface charge also flows along the two vertical arms of the SRR from the ends of the horizontal
base of the SRR and gives rise to an increased field concentration at the gap region of the SRR.
Figure 4.39(f) shows the out of plane H field component and the coupling of the H field to the
SRR structure is quite weak at the center of the structure and hence this mode does not have an LC
circuit origin.
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Figure 4.39. (a) Electric field profile at the recording medium at 1550 nm and (b) Surface current
density and the vector at the surface of the NFT at 1550 nm, (c) Out of plane magnetic field at
the recording medium at 1550 nm. (d) Electric field profile at the recording medium at 800 nm,
(e) Surface current density and the vector at the surface of the NFT at 800 nm and (f) Out of
plane magnetic field at the recording medium at 800 nm.
Higher order plasmonic modes can be observed either by changing the dimensions of the SRR
antenna or by changing the wavelength. The width, w and the arm length lx of the SRR is varied
and the appearance and the shift of the different resonance peak is observed in the next set of
graphs and the variation of coupling efficiency versus the wavelength is plotted in Figure 4.40(a)
– (d) for different values of lx and w. Figure 4.40 (a) shows the coupling efficiency as a function
of wavelength for various value of w for lx = 90 nm and Figure 4.40 (b) – (d) show the
corresponding plots for lx = 150 nm, 200 nm and 250 nm respectively. The numbers corresponding
to the resonance peaks denote the different excitation modes of the SRR antenna. From Figure
4.40(a), it is seen that when lx = 90 nm and w = 30 nm, two different resonance peaks, (1) and (2)
corresponding to two different modes are presents. Resonance peak (1) corresponds to the LC
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circuit mode as explained earlier with a coupling efficiency of 1.7% and peak (2) corresponds to a
plasmonic mode with coupling efficiency of 2.5%. When w is increased to higher values, the
resonance peaks shift to a shorter wavelength and peak (1) appears in the simulation range for w
= 30 nm. In Figure 4.40(b), the arm length is changed to lx = 150 nm and the coupling efficiency
is plotted for different values of w at different wavelengths. It is seen that there is a substantial
redshift of the resonance peak (2) with the increase in lx and the resonance peak (3) corresponding
to the next higher order plasmonic mode appears. If lx is increased further to 200 nm or 250 nm
as shown in Figure 4.40(c) and (d) respectively, the resonance peaks redshift further and peak (4)
appears.

Figure 4.40. Coupling efficiency into the recording medium versus wavelength for different
values of w and the arm length lx. (a) lx = 90 nm, (b) lx = 150 nm, (c) lx = 200 nm and (d) lx = 250
nm.
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The electric field profile for the modes corresponding to resonance peaks (3) and (4) are shown in
Figure 4.41(a) and (b) respectively. Some additional hot spots are seen near the edges of the arms
of the SRR antenna due to the higher order modes.

Figure 4.41. Electric field profile at the recording medium showing the higher order plasmonic
modes corresponding to (a) resonance peak (3) and (b) resonance peak (4) as described in Figure
4.40.

4.9.3.2 Resonant Modes of a Double Loop SRR
The characteristics of the resonances of the double loop SRR is quite similar to that of the single
loop SRR. The schematic of the double loop SRR is shown in Figure 4.42(a). It consists of two
inductive loops and a single capacitive gap between the two arms. The presence of two loops
allows more surface charges to concentrate near the gaps making the resonance peaks more intense.
Figure 4.42(b) – (d) show the plots of coupling efficiency into a recording medium as a function
of the wavelength for different widths, w and lx = 120 nm, 150 nm and 250 nm respectively. From
Figure 4.42(b) which shows the coupling efficiency for lx = 120 nm for different values of w, the
resonance peaks (1) and (2) corresponding to different modes are seen. Similar to the single loop
SRR structure, resonance peak (1) is the LC circuit resonance mode and the electric field
distribution, the surface current movement at the surface of the SRR and the out of plane magnetic
field are shown in Figure 4.43 (a) - (c) respectively.
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Figure 4.42. (a) Schematic of the double loop SRR with the relevant dimensions, (b) Coupling
efficiency into the recording medium versus wavelength for different values of w and the arm
length lx. (b) lx = 120 nm, (c) lx = 150 nm and (d) lx = 250 nm.

The surface current moves in two separate loops along the arms of the double loop SRR and finally
they converge near the gap generating a hot spot. Also the strong coupling to the out of plane
magnetic field is seen in Figure 4.43(c). However, due to the effect of the two loops, the coupling
efficiency is about twice, 3% compared to 1.7% for the single loop SRR. The maximum coupling
efficiency reaches to 7% for the resonance peak (2) shown in Figure 4.42(b) and the corresponding
electric field distribution, the surface current movement at the surface of the SRR and the out of
field magnetic field plot are shown in Figure 4.43(d) - (f), respectively which denotes a plasmonic
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mode. The coupling of this mode to the out of plane magnetic field is weak as seen from Figure
4.43(f). Figure 4.42(c) and (d) show the coupling efficiency as function of wavelength and width,
w for lx = 150 nm and lx = 250 nm. Similar to the trend noticed in the single loop SRR, we find
that with the increase in w, the resonance peaks move to a shorter wavelength regime while with
the increase in lx, the resonance peaks move towards longer wavelengths.

Figure 4.43. (a) Electric field profile at the recording medium corresponding to mode (1) (the LC
circuit mode), (b) Surface current density and the vector at the surface of the NFT for mode (1),
(c) Out of plane magnetic field for mode (1), (d) Electric field profile at the recording medium
corresponding to mode (2), (e) Surface current density and the vector at the surface of the NFT
for mode (2) and (f) Out of plane magnetic field for mode (2).
4.9.4 Thermal Simulation Results of SRR
A single loop SRR design is chosen having dimensions of lx = 150 nm, w = 50 nm which has a
coupling efficiency of 3.1% at 750 nm based on Figure 4.40(b). Coupled thermal simulations were
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done, the details of which are mentioned in section 4.3. For an input power of 5 mW, the
temperature of the recording medium at the end of 1 ns is shown in Figure 4.44(a) while the steady
state temperature of the NFT is shown in Figure 4.44(b). The maximum temperature of the
recording medium reaches 993 K at the end of 1 ns while that for the NFT reaches 875 K at the
steady state. The thermal figure of merit

Tmedium
is 1.2.
TNFT

Figure 4.44. For a single loop SRR, temperature plots of (a) recording medium at the end of 1 ns
and (b) the NFT at steady state.
For the case of the double looped SRR, we choose a design which has the highest coupling
efficiency. Based on Figure 4.42(b), a double looped SRR of dimensions: lx = 120 nm, w = 40 nm,
wavelength = 800 nm has a coupling efficiency of 7.1 %. For an input power of 5 mW, the
temperature of the recording medium at the end of 1 ns is shown in Figure 4.45(a) while the steady
state temperature of the NFT is shown in Figure 4.45(b). The maximum temperature rise of the
recording medium is 871 K while that for the NFT, the temperature rise is 362 K and it must be
noted that the maximum temperature rise is directly proportional to the input power and scales
linearly with power. The thermal figure of merit

Tmedium
is 2.40. When compared with the same
TNFT
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figure of merit for the other antenna based NFTs like triangle, E antenna and lollipop, we find it is
significantly higher (shown in Table 4-7). The two loops of the SRR help in achieving a better
coupling efficiency which translates to an improved thermal figure of merit. Also, greater size of
the NFT for the double loop SRR helps in dissipating heat over a larger volume leading to a lower
rise in the temperature of the NFT and hence, a better thermal figure of merit.

Table 4-7. Table showing the comparison of the thermal figure of merit

Tmedium
for different
TNFT

antenna based NFTs.
Figure of
merit
Δ𝑇𝑚𝑒𝑑𝑖𝑢𝑚
Δ𝑇𝑁𝐹𝑇

Single loop
SRR

Double loop
SRR

Triangle

E antenna

Lollipop

1.2

2.40

0.87

1.83

1.24

Figure 4.45. For a double loop SRR, temperature plots of (a) recording medium at the end of 1 ns
and (b) the NFT at steady state.
4.9.5 Experimental Characterization of SRR through s-NSOM
In this section, the results of the fabrication of the single looped SRR structures are described
through s-NSOM characterization. Since, s-NSOM experiments are done in air, hence the
resonance conditions for the generation of an enhanced hot spot in air will be different from that
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in the presence of recording medium. Additional simulations were done to find the dimensions of
the SRR which has a strong enhanced field at the gap of the SRR. Figure 4.46 shows the plot of
maximum E field at the gap of the SRR for different thicknesses of the SRR at different
wavelengths. In this case, the dimensions: wy = 50 nm, lx = 220 nm and g = 20 nm were fixed (refer
to Figure 4.42(a)). It is found at a thickness of 100 nm, a resonance peak is observed near 800 nm
(which matches closely with the 785 nm laser for the s-NSOM measurements) and accordingly
SRR structures of these dimensions were fabricated.
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Figure 4.46. Maximum electric field at the gap of the SRR as a function of wavelength and
thickness for: lx = 220 nm and wy = 50 nm.
First, gold of required thickness (100 nm) was deposited on a glass substrate by e-beam
evaporation after a deposition of 5 nm titanium for adhesion. Then FIB was used to mill away the
portion of the gold so that we are finally left with the shape of the SRR. Minimum FIB current of
1 pA was used. Figure 4.47(a) shows the portion of the gold milled away by FIB milling in the
form of the shaded region with tilted lines. For the gap region, only a line element was used in the
FIB patterning in order to ensure that the gap is minimum. Figure 4.47(b) shows the final SEM
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image of the SRR structure formed by this process while Figure 4.47(c) – (e) shows a series of
SRR structures formed by this method.

Figure 4.47. (a) The shaded portion with the tilted lines indicate the beam path of the FIB milling
(b) The FIB milled SRR structure, (c), (d) and (e) a series of SRR structures.
The s-NSOM characterization studies of the SRR structures were done in the transmission mode
without any reference beam as described in the section 3.5.2. The s-NSOM results are shown in
Figure 4.48 and Figure 4.50. Figure 4.48 shows the SEM image as well as the AFM topography
in addition to the s-NSOM images taken at 2nd and 3rd harmonic of the tip modulation frequency.
The field concentration and enhancement at the gap of the SRR is clearly seen and the spot size as
measured from the 3rd harmonic image in Figure 4.48(d) is 30 nm x 65 nm. Due to the finite size
of the AFM tip, the SRR image as obtained from the AFM topography in Figure 4.48(b) seems to
have thicker dimensions than what is observed from the SEM image and hence the actual near
field spot size should be less than what is measured.
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Figure 4.48. s-NSOM results of SRR structure. (a) SEM image of an SRR structure, (b) AFM
topography, (c) 2nd harmonic image of s-NSOM signal, and (d) 3rd harmonic image of s-NSOM
signal.
Figure 4.49 shows the measured dimensions from the SEM image of the actual fabricated structure.
It is seen that lx = 264 nm, ly = 237 nm while wx = 62 nm, wy = 66 nm which shows a slight
deviation from the intended dimensions of lx = ly = 220 nm and wx = wy = 50 nm. However, this
slight deviation does not have a strong effect on the focusing ability of the structure as seen from
the s-NSOM results. The near field spot size is strongly determined by the gap size (28 nm x 45
nm).

Figure 4.49. Measured dimensions of the actual fabricated SRR structure.
Figure 4.50(a) – (d) show the s-NSOM results of a different structure. From Figure 4.50(a), the
measured dimensions are lx = 251 nm, ly = 274 nm while wx = 68 nm, wy = 76 nm. Figure 4.50(c)
and (d) show the s-NSOM results and a near field spot size of 44 nm x 66 nm.

120

Figure 4.50. s-NSOM results of another SRR structure. (a) SEM image of an SRR structure, (b)
AFM topography, (c) 2nd harmonic image of s-NSOM signal, and (d) 3rd harmonic image of sNSOM signal (the scale bars in (c) and (d) are 200 nm).
Conclusions
In this chapter, the principles for the generation of a nanoscale hotspot for use in HAMR devices
are discussed. With the help of simulations, the performances of various NFTs are studied. It has
been found that the introduction of a taper in the geometry of the NFT can bring about a significant
improvement in the thermal figures of merits. Besides, there can also be benefits regarding the
reduction of NFT self-heating by using a longer wavelength due to the less absorption of the
incident power by the NFT at longer wavelengths. These strategies can be important while a
designing am improved NFT with superior performance. Finally, split ring resonators are
introduced as a potential nanostructure for its use as an NFT. The different resonant modes such
as the LC circuit mode as well as higher order modes are explored at different wavelengths and
the coupling efficiencies are calculated for both single loop and double loop SRR structures.
Detailed analyses of optical figures of merit, and thermal simulations and thermal figures of merit
are carried out. In addition, in order to characterize the near field concentration and the spot size
of the SRRs, these SRRs were fabricated and then characterized with the help of s-NSOM.
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5. OPTICAL FORCE ENHANCEMENT WITH NANOSTRUCTURES

In this portion of the work, which is done in collaboration with Prof. Webb’s group, we show that
resonant metallic structures are not only effective for generating sub wavelength spots but also can
cause a substantial increase in the local pressure on a thin film. By forming small, resonant cavities
in metallic film or through the generation of surface waves by creating slots in a metallic film,
large local fields can be produced at the interface between metal and dielectric. These fields
correspondingly can produce large optical pressure. An array of such cavities can result in an
increase in the pressure on the film by one to two orders of magnitude [160]. Possible applications
include switching in an all-optical communication network, remote actuation and propulsion [161].
By achieving an increase in pressure, the optical power needed for switching can be reduced and
enhanced deflection dynamics can be achieved through greater force with a fixed optical power.

Enhanced Pressure Concept
The electromagnetic force density in a metal is given by f 

P
 0 H  (P   )E , where, f is the
t

force density, P is the polarization, H is the magnetic field and E is the electric field [160]. The
force density can be decomposed into two components, the first one corresponding to the radiation
pressure term which is the cross product term, and the second term, the spatially varying electric
field term, or the ‘divergence term’. Far from resonance, the cross term dominates because there
is relatively little spatial variation of the field. As resonance is approached, the magnitude of the
fields increase due to local enhancement, as does the spatial variation of the field, leading to an
increase in the divergence term. At resonance, the divergence component dominates, and is thus
primarily responsible for the significant force enhancement in this case. Partial slots in a metallic
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film such as gold have been proposed [160]. The schematic of the proposed structured Au metal
films is shown in Figure 5.1(a). A plane wave is assumed to be incident on the slots with an input
power density of 1 W/m2. Figure 5.1 (b) plots the pressure, for 30 nm and 60 nm slot widths as a
function of slot depth. The maximum pressure occurs at the resonant depth of 30 nm slot in Au at
632.8 nm which results in approximately a 23-fold enhancement in pressure.

Figure 5.1. (a) Schematic of the metal film structures in free space with the relevant dimensions,
(b) Variation of the pressure on a gold film with slots for different slot widths and depths
(Reprinted figure with permission from [160] Copyright (2015) by the American Physical
Society.).
Pushing and Pulling Forces
The simulations for this section was done by Li-Fan Yang. Based on the fabrication feasibility, a
structure which can actually be made consists of a freely suspended SiN nitride membrane and
gold coating on both sides as shown in Figure 5.2. Either partial depth slots or full depth slots can
be made in the three layered structure. The next set of simulation results show the field and force
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densities for partial depth slots in the three layered structures. It is found that resonant slots in
metal film not only produces pushing forces but pulling forces as well.

Figure 5.2. Three layered structure made of Au-SiN-Au.
Three designs were chosen which have a large pushing force, pulling force and weak pushing force
respectively relative to the force on the planar surface. Figure 5.3(a) – (c) show a strong pushing
force situation (25.7 N/m2) in the direction of the incident light, y. which includes the electric field
distribution, the magnetic field distribution and the force density in y direction. Figure 5.3(d) – (f)
show a pulling force condition (-20.2 N/m2) while Figure 5.3(g) – (i) show a weak pushing force
condition (3.26 N/m2). The corresponding calculated pressure on the planar Au-SiN-Au film is
2.11 N/m2 and on a perfect mirror is 2.12 N/m2. The slot dimensions, periodicity and the calculated
force are given in Table 5-1.
Table 5-1. The periodicity, slot width and the corresponding pressure for different slot
dimensions.
Slot width (nm)

Periodicity (nm)

Pressure (N/m2)

Large Push

251

966

25.7

Large Pull

200

693

-20.2

Weak Push

123

888

3.26

Planar

x

x

2.12
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Figure 5.3. Simulated fields and force densities for the periodic slot structure (a)-(c), Period =
966 nm, slot width = 251 nm, (d)-(f) Period = 693 nm, slot width = 200 nm, (g)-(i) Period = 888
nm, slot width = 123 nm (Simulation done by Li-Fan Yang).
Fabrication of the Resonant Slot Structures
In order to demonstrate the effect of increased pushing force and pulling force, partial-depth slots
using the designs of Figure 5.3 were fabricated. Commercially available silicon nitride (SiN)
membranes having a thickness of 50 nm (Norcada, Inc.) were used in the experimental
setup. These suspended square membranes had dimensions of 500 μm x 500 μm and were
supported from four sides on a frame made of silicon and the thickness of the silicon frame was
200 μm. Gold of required thickness was deposited on both sides of the membrane using an e-beam
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evaporator (CHA), following deposition of a 5 nm layer of titanium for adhesion. Thus, a threelayered symmetric structure made of Au-SiN-Au was formed, as shown in Figure 5.4. Figure 5.4
also depicts the milling process for an array of slots.

Figure 5.4. Schematic showing the FIB milling to create partial-depth slots.

The minimum width of the slots is dictated by the FIB current used (10 pA has been used which
gives the appropriate resolution in terms of the feature sizes as well as a reasonable amount of time
for milling each slot). The partial cut-through slots can be achieved by controlling the current
milling time and the depth of the milling. Figure 5.5 shows a representative SEM image of an array
of slot of width 250 nm and periodicity 965 nm.

Figure 5.5. An array of partial slots fabricated through FIB milling.
Next, three periodic slot array structures were milled, each covering an area of roughly 10 m x
10m corresponding to the designs described in Figure 5.3. Figure 5.6(a) shows the SEM images
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of three sets of slots on the membrane, with the enhanced pushing force (top left), enhanced pulling
force (top right), and the weak pushing force (bottom right) structures. FIB milling introduces
rounded and tapered side walls which can be seen from the cross section image in Figure 5.6(b).
The cross section image was based on a SiN membrane coated by gold only on one side and then
an opening was made across the slots to see the tapered profile. In the figure, the bright region at
the top is the gold sample while the darker region below the gold is the SiN. Based on the actual
fabricated geometry of the slots and the sidewall taper, the force and power dissipation for the
three sets of slots were recalculated and are shown in Table 5-2.
Table 5-2. Table showing the calculated force and power dissipation for the three sets of
fabricated slots and the planar surface.
Slot width (nm)

Periodicity (nm)

Calculated force

Power dissipation

@ mean (N)

@ mean (MW)

Large Push

250.1 +- 2.2

966.8 +- 7.7

80.8

728

Large Pull

200.36 +- 3.38

692.2 +- 7.31

-63.6

451

Weak Push

124 +- 3.3

886 +- 9.8

10.2

396

6.36

22.6

Planar

x

x

This sample was used to study the deflection response of a planar surface under the influence of
an incident pressure laser.
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Figure 5.6. SEM image of (a) three slot arrays with different optical force characteristics and
planar surface and (b) cross section image of one of the slots which shows the rounded and
tapered sidewalls of the slots.
Experimental Setup
Figure 5.7 shows the schematic representation of the experimental setup. A 1070 nm CW fiber
laser is used as the laser imparting the force on the membrane. A neutral density filter and a
polarizer controls the incident power on the sample and polarization. TM polarization is used in
the experiments (where the electric field is perpendicular to the length of the slots) which gives an
enhanced optical force with the slots. A 10x objective lens (Nikon, N.A. = 0.3) is used to focus the
force laser beam on the desired position of the sample. A four-quadrant photodetector (OSI
Optoelectronics, Model no. SPOT 9D-MI) together with an amplifier (OnTrak, Model no. OT-301)
was used as the position sensing system. A 640 nm laser (Coherent StringRay) was utilized as the
sensing laser for measuring the deflection. The sensing laser reflected off the front surface of the
membrane and the reflected light was collected by the four quadrant detector. Tiny deflections of
the membrane changed the position of the reflected sensing laser on the quad detector thus
allowing to monitor the motion of the membrane. The reflected portion of the sensing laser had a
relatively long arm length so as to increase the sensitivity of the detection. The membrane was
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mounted on a holder whose position could be controlled with a motorized X-Y stage and a Labview
program was written for automated computer control of the stages.

Figure 5.7. Schematic of the experimental setup.

The entire experimental set along with the position of the force laser was observed with the help
of a CCD camera and white light. A schematic showing the actual position of the various optical
components in the optical table is shown in Figure 5.8.
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Figure 5.8. Schematic for the experiment. S1: 1070 nm CW fiber force laser, S2: 640 nm Sensing
laser, Quad: Quadrant photodiode and amplifier, OC: Oscilloscope, LA: Lock-in amplifier, ND:
Neutral density filter, WL: White light source, P: Polarizer, C: Chopper, O: Objective lens, M:
Silver mirror, B: Beam splitter, L: Lens, CCD: camera. (figure courtesy: Li-Fan Yang).

For increased sensitivity of the detection system, the detection laser should be incident exactly
opposite the pressure laser. The alignment of the sensing laser relative to the force laser is tricky
because the position of the sensing laser on a clean membrane is not visible on the CCD due to the
oblique incidence of the sensing laser. For this reason, the membrane is moved so that the sensing
laser falls on the edge of the membrane where it becomes visible in the CCD due to the strong
scattering at the edges. The force laser is then aligned relative to the sensing laser position. Other
approaches to align the sensing laser and the force laser would be to make a small hole in one
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corner of the membrane which would help in scattering the sensing laser light and make it visible
or putting a layer of quantum dots on the membrane to increase the scattering. Few drops of CdSe
quantum dots were put on the membrane and allowed to dry. While this method helped in
visualizing the position of the sensing laser, we believed that this method also introduced some
contamination in the surface of the membrane.
The deflection of the membrane was monitored by the quadrant photodiode which can be recorded
on the oscilloscope. In order to increase the sensitivity of the measurement, a lock–in amplifier
based measurement is used. For this purpose, the input laser beam is modulated at a particular
frequency with the help of a mechanical chopper. The modulation of the input laser beam generates
a subsequent modulated deflection signal from the membrane which is captured by the quad
detector. Demodulation of this deflection signal with the lock-in amplifier can help in detecting
the tiny levels of signals from a relatively large background noise and also helps in reducing any
constant deflection bias from the sensing laser.

Calibration of the Setup and the Experimental Sensitivity
The four quadrant photodiode provides voltage readings which are proportional to the vertical
displacement of the sensing laser beam, the lateral displacement of the sensing laser beam and the
total intensity of the beam on the photodiode. In our experiments, the force laser deflects the beam
out of the plane of the membrane which translates to a lateral displacement of the beam. Hence for
subsequent analysis of the membrane deflection signal with the lock-in amplifier, only the voltage
reading corresponding to the lateral displacement of the sensing laser beam is used. The voltage
reading is then converted into the actual deflection by calibrating the change in voltage with a
known change in displacement. For this purpose, a known displacement is provided to the
membrane with a piezo stage (Thorlabs, model. No. PE4) and the reading of the signal from the
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lock-in amplifier is noted. By plotting the graph of the known displacement with the lock-in
amplifier signal, the relation between the displacement and the lock-in signal can be established
as shown in Figure 5.9.

Figure 5.9. Calibration of the photodiode voltage reading with the motion of the membrane.

It can be determined that 1 mV of signal from the lock-in amplifier corresponds to about 1.75 nm
of displacement. With the lock-in amplifier it has been possible to detect 200 V of signal, hence
the minimum displacement that can be measured with the setup is given by 0.35 nm which
defines the sensitivity of the setup.

Experimental Results
The deflection of the membrane was found to be very sensitive to the position of the force laser
and the sensing laser relative to the slots. In order to determine the precise position of the slots in
the membrane, the membrane was scanned to obtain deflection as a function of incident laser
position on the membrane. Typical scanning results of the membrane is shown in Figure 5.10. For
this purpose, the membrane is scanned point by point and at each location, the deflection value
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was recorded from the lock-in amplifier. A Labview program was written which did the scan
automatically across a given area, collected the deflection information data from the lock-in
amplifier and eventually formed an output of 2D matrix of deflection data. A contour plot of the
2D matrix generates the figures shown in Figure 5.10 and in this case, the area of the scan was 80
m x 80 m with a spacing of 1 m between each points. This method helped in finding the center
of the slot arrays from the locations for local maximum deflection.

Figure 5.10. Scanned membrane deflection measured using a lock-in amplifier as a function of
position in the region containing the three slot arrays, with 1 mW incident power at 1070 nm: (a)
deflection magnitude and (b) phase.

When the laser illuminates the Au-coated membrane, the gold will absorb heat which will result
in thermal-based deflection. We assume that the thermal deflection from the expansion of Au in
the vertical direction is negligible because the membrane is very thin (even 1000C rise in
temperature of the gold film of 100 nm thickness will cause expansion of about 0.01 nm). There
could be possible bimaterial thermal bending effect due to different material expansion of Au and
SiN. However, with the Au coating on both sides, the bimetallic expansion effect will be
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compensated to a large extent. The heating on the membrane might cause a thermal gradient in the
surrounding air around the heated spot which might cause a differential pressure on the membrane
causing a deflection. Besides, the thermal buckling of the Si-frame-mounted membrane can
contribute to the thermal deflection mechanism. Thus, apart from the optical force induced
deflection, the contribution of the thermal induced deflection is not negligible and needs to be
separated. Figure 5.10(b) shows the phase information related to the deflection of the membrane.
It is seen that there are regions in the membrane with a phase shift denoted by the blue and
yellow regions. This is related to the deflection direction of the membrane, the regions with
different color deflect to different directions under the effect of the incident laser. This is possibly
due to the variation in the internal stress of the membrane and the membrane shows a preferential
direction of motion under the influence of both the optical and thermal effect.
In order to separate the direct optical deflection from the thermal deflection, two different
approaches were tried. First was by using a force laser from two sides and the second was by using
the simulation results for the optical deflection and the power dissipation.
For using a force laser from two sides, the setup was modified and incident force laser was split
into two parts using a beam splitter. Two parts of the incident beam were incident on the opposite
faces of the membrane focused through two different objectives of the same model (Mitutoyo,
10X). The modified setup schematic is shown in Figure 5.11.
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Figure 5.11. Schematic for the modified experimental setup with incident force laser from the
two sides.

The objective lenses were carefully aligned so that the two focal spots from the two lenses overlap
on top of each other. The alignment was done at higher power with glass slide without the
membrane in position. When two beams coming from the opposite side with the exact same profile
and power hit the membrane, it is expected that the deflection due to the optical force will be
exactly same but in opposite directions and hence the net deflection due to the optical force will
be zero and we will have only the deflection due to the thermal heating. This procedure can help
in separating the optical deflection from the thermal deflection.
Figure 5.12 (a) – (c) show the scanned membrane deflection due to the force laser from opposite
to the sensing laser side, from the sensing laser side and both sides respectively. The values of the
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deflection for Figure 5.12(a) and (b) is very close but slightly different while that for Figure 5.12(c)
is almost double due to the fact that twice the power hits the membrane from the two objectives.

Figure 5.12. Scanned membrane deflection at an incident power of 10 mW for (a) force laser
from opposite to the sensing laser side, (b) force laser from the sensing laser side and (c) force
laser from both sides.

Let us denote the deflection when the force laser is shining from the sensing laser side as D1, when
the force laser is shining opposite from the sensing laser side as D2 and when the force laser is
shining from both sides as D3. The optical and thermal deflection can be separated by two separate
methods as follows:
a) Optical deflection is given by:

D1  D 2
D1  D 2
and thermal deflection is given by
2
2
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b) Optical deflection is given by: D1 

D3
D3
and thermal deflection is given by
.
2
2

The difference between method (a) and (b) is that the first method relies on the case where the
force laser shines from either of the sides and the second method takes into account the
measurement from both sides as well.

Figure 5.13. Extracted membrane deflection signal (a) thermal deflection and (b) optical
deflection.

Figure 5.13 shows the calculated thermal and optical deflection of the membrane based on method
(a). We see from these figures that thermal deflection seems to be greater while the optical
deflection is very less. However, this method of separating the optical and thermal deflection is
very much sensitive to the alignment of the lasers from the two sides. A slight change in the
alignment will cause a significant change in the extracted optical and thermal values. Moreover,
this method will only work when the optical force from both the sides is same for the same power.
In the case of structured slots on the membrane, the optical force on one side of the slots is very
much different from the case when the incident light hits the other side of the membrane. Hence,
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this method is not suitable for differentiating between the optical and thermal deflection for the
case of slots in the membrane.
Next an alternative method of separation of the thermal and optical deflection is presented. Fitting
parameters are used that relate the calculated optical force to deflection (m/N) and the thermal
dissipation to deflection ( m/W). This method rests on the assumption that for a given membrane,
the mechanical properties are same and independent of position over the measurement domain.
The optical force and the thermal dissipation for each of the individual slot designs is calculated
from the simulation model as given in Table 5-2.
The deflection for each measurement can be written as D  Dt  Do , where Dt denotes the
thermal deflection and can be written as Dt   P , Do denotes the optical deflection and can be
written as Do   F and P and F are the calculated power dissipation and optical force for each
of the designs.
We can determine  and  using least squares fitting. Four sets of P and F corresponding to the
enhanced pushing force, the enhanced pulling force, the weak pushing force, and the planar surface,
were used in the fitting process. As a result, the optical deflection can be extracted from the total
deflection.
The center of the slot arrays is determined from the plot of scanned membrane deflection as shown
in Figure 5.10. The total deflection or each slot array as a function of incident power was measured.
Similar measurement was done for the planar surface in a symmetric location, the same distance
from the center of the membrane. Figure 5.14 shows the total deflection measurement for the
enhanced pushing force slots, the pulling force slots, the weak pushing force slots, and the planar
surface, respectively. 100 measurements were used to determine the measurement error bars and
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means in this figure. As a result of a least mean square error fitting process, the fitted linear slope
of the measured total deflection is given in Table 5-3.
50
Large pushing
Deflection [nm]

40

Weak pushing
Pulling

30

Planar

20
10
0
0

0.2

0.4

0.6

0.8

1

1.2

Power [mW]

Figure 5.14. Measured deflection of the membrane with respect to power for slots with large
push, pull, weak push and planar surface.

Table 5-3. Fitted linear slope of the measured total deflection.
Large push

Large pull

Weak push

planar

43.17 (nm/mW)

15.64 (nm/mW)

36.71 (nm/mW)

1.243 (nm/mW)

Next, the linear slope data is fitted to the calculated values of the optical force and power
dissipation according to the Equation (5.1) and the fit parameters are obtained which is given in
Table 5-4.
Measured total deflection  slope    * F   * P

(5.1)

The root mean square error is 10 and the R-square value is 0.8, indicating a good fit between the
model and the measurement data, which validates the model. Once the value of  is obtained from
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the fitted data, multiplying it with the value of F gives the extracted optical deflection as shown
in Figure 5.15.
Table 5-4. Fit parameters for the fitting between the measured deflection and calculated
deflection.





RMSE

R-square value

8.85e10

5.61e4 (nm/(mW*W))

10.6

0.8

(nm/(mW*N))

From the optical deflection data, it is evident that he pushing structures show an enhanced
deflection when compared to the planar surface or the weak pushing structures. The case of pulling
force causing a negative optical deflection is also observed.
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Pulling
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Weak Push
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0.8

1

Figure 5.15. Graph showing the extracted optical deflection for pushing, pulling, weak pushing
and planar surface.

140
Conclusions
In summary, an experimental set up was designed and built to measure nanometer level deflection
by using a light cantilever method and a lock-in amplifier. The deflection of a planar thin
membrane due to the light induced force from a laser was compared to the deflection due to
resonant slots on the membrane. A fitting based methodology was implemented to separate the
thermal-driven and optical-driven deflection and enhanced optical-driven deflection was verified
due to the presence of slots. Also, depending on the dimension of the slots and the periodicity,
pushing force or pulling force was observed.
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6. SUMMARY AND FUTURE WORK

Summary
This thesis focuses on the principles of designing nanoscale diffraction unlimited hot spots in the
visible range. Different designs based on nano apertures and nano antennas are explored and their
applications in the different field are studied both numerically and experimentally.
At first, bowtie apertures are studied for their light focusing capability and those bowtie apertures
were used for near field scanning nanolithography experiment. More than thousands of patterns
were created simultaneously with feature sizes less than 50 nm with the help of a high precision
gap control system. This work resulted in the successful demonstration of a large scale massively
parallel nanolithography setup. Also, a new type of cross sectional ridge aperture was introduced
and designed. Rather than using a sequential fabrication technique, a layer by layer fabrication
method was implemented which allowed the generation of a large number of apertures at the same
time with a finer feature size. Numerical simulations of these apertures helped in designing the
proper geometrical dimensions. Further, the performance of these apertures was characterized by
scattering near-field scanning optical microscope to study their light focusing capability. Also, we
discussed about several apertures and antennas that can be used as near field transducers (NFT) in
heat assisted magnetic recording. Both electromagnetic and thermal simulations were done to
study and compare the performance of these NFTs in the presence of recording medium.
Improvement of figures of merit was observed by making some geometric modifications of the
NFTs or by operating the NFTs in a longer wavelength regime. Besides, a new type of antenna,
the split ring resonator was introduced as a NFT and several of its resonance modes are studied
and its functionality as a NFT was studied. These structures were fabricated and their near field
characteristics were studied with the help of s-NSOM technique. Finally, an experimental setup
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was built for measuring the deflection of a thin membrane under the influence of optical force.
Slots of resonant dimensions were built on the silicon nitride membrane coated with gold on both
sides. A fitting based method was implemented to separate the thermal and optical driven
deflection and it was found that that slots can impart either pulling or pushing force depending on
their geometry.

Future Works
Based on the work done in this thesis, there could be a number of suggestions which could be
undertaken as direction for future research. In the work related to the nanolithography using bowtie
apertures, it was found that the size of the near field spot depends on the quality of the fabricated
apertures and FIB milling usually introduces a taper along the side walls which makes the near
field spot bigger. Other approaches of fabricating the bowtie apertures such as inverted milling
through FIB or through the use of electron beam lithography followed by lift-off can produce
sharper apertures.
For the simulations related to the HAMR devices, the figures of merit that have been used in this
work can be modified, such as the thermal gradient in the recording medium can be considered for
the same thermal spot size, which would help in better comparison of the thermal performance
across different designs. Also, the effects of nanoscale heat transfer can be considered in the
thermal models through the use of two temperature model between electrons and phonons,
modified thermal conductivity of the nano sized metal films and near field radiative heat transfer
across the gap between the NFT head and the recording medium. Besides, the effects of changing
the properties of medium stack can also be considered to better understand the underlying factors
affecting the performances of the devices. Also, for electromagnetic simulations, temperature
dependent dielectric constants of metal film can be used and instead of free space coupling of the
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incident laser by a Gaussian beam, coupling through a waveguide mechanism should be
implemented to better simulate an actual HAMR device.
For the optical force work, further work can be done to relate the mechanical properties of the
membrane to the actual deflection which will help in getting the absolute value of the optical force.
This can be achieved by transient measurement of the membrane vibration. One way to achieve
this would be through vibrating the membrane at different frequencies to capture the resonance
frequency of the membrane and then calculating the spring constant of the membrane from the
resonant frequency. Also, the use of other less lossy material platforms like silicon can be explored
to achieve enhanced force without the associated thermal effects and help in easier detection of the
optical force.
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